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ABSTRACT
Two biological systems have been studied using the
technique of Electron Spin Resonance (ESR).

The first

system studied is the Photosystem I (PS I) associated with
green plant photosynthesis.

Sonicated spinach chloroplasts

have been subjected to the alkaline-urea-detergent treat
ment perfected by Loach and co-workers for the dissolution
of phototrap complexes from bacterial systems.

In this

treatment, three different detergent groups have been
utilized - Triton X-100, Triton/SDS (sodium dodecyl sulfate)
and LDAO (lauryl dimenthyl amine oxide).

After each treat

ment the systems are neutralized, dialyzed and separated
on a solution electrophoresis column.

The fractions corres

ponding to the intense bands are extensively dialyzed and
then centrifuged to collect the precipitate.

Of the three

detergent systems, LDAO is found to produce an insufficient
breakdown of the membrane structure to allow proper electro
phoretic separation.

Both Triton and Triton/SDS treatment

produce small complexes containing PS I photoactivity.

The

polypeptide profile of these complexes are studied by the
SDS-acrylamide gel electrophoresis method.

It reveals that,

of the two photoactive systems, the one isolated by the
Triton/SDS treatment has fewer and, In general, smaller
polypeptides than those from the complex isolated by the
Triton treatment.

The ESR Signal I associated with the PS I
xiii

xiv
particles are found to be completely light reversible at
room temperature.

However, the decay kinetics of Signal I

corresponding to the Triton treated complex reveal the
presence of only one component with t-jy2 value of 18.2 secs,
while that of the Triton/SDS treated complex shows two
components with

values

secs and 16.3 secs.

The

liquid helium ESR spectra of these complexes reveal the
presence of several lines with apparent g factors 2.27,
2.13, 2.07, 2.03, 1.97 and 1.92.

The g - 2.03 line is

absent in the Triton/SDS treated complex.
The second application of ESR involved the study of
hematological changes associated with malignant tumors.
Tumors are implanted in rats and blood drawn from them at
regular intervals.

ESR spectra of the frozen blood samples

at 77°K reveal the presence of two prominent signals - one
at g ■ 4.2 associated with the plasma protein transferrin
and another at g * 5.6 associated with methemoglobin.

It

is found that with the progress of the tumor the amplitudes
of the two signals change relative to the control group.
The Increase in amplitude of one signal is accompanied by
a corresponding decrease in the other.

A mechanism is

proposed to explain these changes on the basis of changes
in iron metabolism.
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In the absence of any microwave radiation or relaxation
process the equation of motion of S in a magnetic field I?
is given by
d$/dt « y(H x M)
where y is the gyromagnetic ratio.

(15)

The steady state solu

tion of this equation for constant ft represents a
precession of S about ft with an angular velocity yH.
In an actual ESR experiment, however, there is an
oscillating magnetic field ft^ rotating at right angles to
the steady field HQ .

If the oscillating field is circu

larly polarized then
H„a “ Hili cos wt

H y ■ Hix sin wt

and

H u = Hw .

Taking Into account that relaxation mechanisms are present
Bloch showed that the equations of motion can be written as
dMx/dt - y(MzH 1sin wt - My Q ) - M x/T2

(16a)

dM /dt « y(M H
y
x o

(16b)

- M H, cos tot) - M /T„
z 1
y 2

(M -M )
d M z/dt

*

yfMyH^cos

wt

- M^^sin

w t ) + — ^---- .

(1 6 c )

T^ Is the longitudinal or the spin lattice relaxation time,
T^ I s the transverse or the spin spin relaxation time.
Before solving these equations it would be important
to point out that at very high frequency (~ 9 GHz) the
magnetization of a sample does not follow the variation of
the oscillating magnetic field instantaneously.

This Intro

duces a phase lag which can be taken into account by
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Absorption

y - y

H

'

exp[-0.693(T------)*]
4 AH,
Gaussian

First derivative

where A H ^ ^ * the line width at half maxima
AHpp
ym

* peak to peak derivative amplitude
= maximum absorption amplitude
“ maximum first derivative amplitude.

Another experimental quantity which is of importance
is the intensity of an ESR signal which is equal to the
area under the absorption curve, the area in turn being
proportional to the total number of unpaired spins.
If one deals with the absorption curve, then
Intensity

I * 1.57 y ^ A H ^ ^ )

Lorentzian

i - 1.06^3 ym(AH1/2)

Gaussian

If one deals with the first derivative, then
Intensity

I * — y ’(AH
)2
_/7
PP

Lorentzian
Gaussian

In order to determine the intensity of an ESR line it is
necessary to ensure that the signal is not saturated.

The

problem of saturation was discussed earlier in connection
with the relaxation process.

The behavior of an ESR signal

under saturation can be explained from the solutions of

16
Bloch

equations.Equation (22)

which

Is the expression

for
aLorentzian lineshape was obtained by neglecting the
2 2
Y H iT iT 2 term in the expression for at" in Eq. (21).
This
approximation is valid so long as

is small.

power Is not low then inclusion of the y

2

If the

2
H iT iT 2 term

makes
2
2
*
Hf
P(w) = ----- % ° 2 - '-g----- p— p---- .
1 + 2 0 - a)d + y Hf:
1T11T20

(28)

From this expression it can be seen that with the Increase
of power the amplitude of the signal increases at first,
reaches a maximum and then decreases.

This behavior is

found with lines which are homogeneously broadened.

For an

inhomogeneously broadened line the amplitude increases with
increasing microwave power and levels off when the satura
tion region is reached.

The problem of saturation becomes

very prominent at very low temperature where the spin
lattice relaxation time is long.

To prevent saturation

the incident power Is kept at a very low level.
Spin Hamiltonian
Before going into a discussion of the next spectral
quantity the g factor which is probably the most important
one It would be helpful to discuss In brief the ,!spin
Hamiltonian."

Equation (3) represented the Hamiltonian

which deals only with the Zeeman Interaction of the electron
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spin with the magnetic field.

In addition to this

interaction other interactions which are possible are:
a) spin oroit interaction.
b) Zeeman interaction of the orbital magnetic moment
of the electron with the external magnetic field.
c) electron spin spin interaction.
d) nuclear hyperfine interaction between the electron
and the nuclear magnetic moment.
e) nuclear Zeeman interaction.
f) Coulomb interaction of the electron with the
nucleus and with each other.
g) crystal field interaction.
Taking Into account the dominant interactions the effective
spin Hamiltonian can be written as
+ h$-A*f + 5*D*$

(29 )

where S is the effective spin of the ground state and Is
obtained by equating the ground state multiplicity to
C2S+1).
In Eq. (29) g»A,D are second rank tensors.

The "g

tensor which replaces the spectroscopic splitting factor
Is a symmetric tensor whose elements are composed of the
free electron g value plus an anisotropic contribution due
to the spin orbit coupling.

The A tensor represents the

magnetic hyperfine interaction and consists of two parts;
an isotropic part (Fermi contact term) and an anisotropic
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part because of the dipole dipole interaction between the
electron and the nuclear spins.

The D tensor represents

the removal of spin degeneracy for S £ 1 (zero field
splitting).

It contains a contribution from the spin

orbit coupling and a relatively smaller contribution from
the spin spin Interaction.
The tensor D can be reduced to a diagonal form which
gives
3*D*3 - D

S2 + D S 2 + D S2
xx x
yy y
zz z

where Dx x »Dyy»Dzz are the diagonal elements and Dxx+Dyy+ D zz
0 again
3*D*3 - -xS2 - yS 2 - ftS2
where x « - DYY,
y * “Dyy &nd #■ ■ -(x+y).
ax

Putting D - -3ft/2

and E * - ^-(x-y) one gets from (29)
- e3*g'3 + h3*X*f + D(S2 - ^ S 2 ) +
2
j

E(S2 -S2 )
x
y

(30)

E * 0 when x » y, i.e., for systems with axial symmetry.
For systems with orthorhombic or lower symmetry E ft 0.
While considering the transition metal ions another
term needs to be added to the spin Hamiltonian.

It deals

with the crystal field Interaction which is basically an
electrostatic interaction between the paramagnetic center
and Its neighboring ions.
electron

The orbital motion

of the

gets modified bythis field.

In the case of iron group elements the crystal field
interaction is stronger than the spin orbit coupling.

The
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d electrons which reside over the outer regions of the
atom interact strongly with the crystalline electric field.
The orbital motion is blocked by the crystal field and the
magnetic properties are almost entirely due to the spin.
To calculate the energy levels of an ion in a crystal
line electric field it is necessary to evaluate the
crystal field potential.

It is assumed that the electric

field is produced by a regular array of point negative
charges about the central magnetic ion.
g Tensor
The most important experimentally measured quantity
which characterizes an ESR line is probably the g factor.
The free electron g factor has a value of 2.00232.

Any

departure from the free electron value represents an
introduction of orbital angular momentum from the excited
states to the pure spin ground state.
For most molecules this admixture is anisotropic and
is taken care of by the 'g tensor described in Eq.

(29).

It

is a symmetric tensor which can be dlagonalized in the
principal axis system x,y,z such that
®xx
gD

0
[ 0
I 0

0

0

0
gyy
'
gyy °
00
ag
zz

(31)

The elements of g^ are called the principal values of the
*g tensor.

If the specimen under consideration possesses
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any elements of symmetry It is reflected in the g factors.
For a system having octahedral, cubic or tetrahedral
symmetry x,y,z are equivalent and g

■ g
« g
. If
xx
yy
zz
there is axial symmetry such that x and y are equivalent
then the g factor parallel to the axis of symmetry, i.e.,
g zz is denoted by g (J while the g factor perpendicular to
the axis of symmetry is denoted by g

g
* g
* g
. If
i xx
yy
••
the molecule does not contain any threefold or higher axis
of symmetry then gxj[ ft gyy ft e z z >
For a system of axial symmetry geff for an angle 0
between the magnetic field and the symmetry axis is given
by
ge f f (o) “ (e* cos2e + g 2 s m 2e )1/2

(32)

If the symmetry is lower than axial then the application
of a magnetic field in a general direction having direc
tion cosines Jt,m,n with respect to the axes x,y,z leads to
an effective g factor given by
g 2 - U 2g 2 + m 2g 2 + n2g 2 ) .

(33)

Paramagnetic entities in solution usually exhibit a single
Isotropic g factor.

This results from an averaging

process and one gets
(3*)

CHAPTER II
PHOTOSYNTHESIS
Background
Photosynthesis is one of the most fundamental
processes of nature.

In it, light interacts with living

organisms where the light energy is converted into useful
forms of chemical energy.

The energy is ultimately stored

in the form of carbohydrates.

In addition to this,

photosynthesis provides one of our most vital elements,
that I s , oxygen.
The basic events of photosynthesis were well
established by the early twentieth century.

It was known,

for example, that CO^ and H 20 were used In the process,
that the reaction was driven by light energy and that the
process occurred only in chlorophyll containing cells.

It

also had been demonstrated that 0 ^ was released in the
process and that the first readily detectable product was
a carbohydrate.

A composite of this reaction taking place

in green plants can be written as
C0 2 + H 20

^<C 6H 120 6 ) + ° 2 + 112 K •cal/mole of C0 2 , (1 )

where £■(cgH i2° 6 ) represents the basic unit of a carbohydrate
mo lecule.
In addition to green plants and algae,certain species
of bacteria also possess the ability to carry out photo
synthesis.

The basic difference is that In bacterial
21
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photosynthesis there is no evolution of oxygen.

Van Niel*

made a comparative study of photosynthesis in photosynthetic
bacteria, green plants and algae and arrived at the con
clusion that in the light reaction hydrogen was withdrawn
from water in plants and algae and from a variety of sub
strates in the photosynthetic bacteria.

He proposed that

the process of photosynthesis may be represented by the
general equation
C02 + 2H2A

|CC6H 120 6 ) + H 20 + 2 A ,

(2)

where H 2A is water in algal or green plant photosynthesis,
and may be H 2S, an organic substrate or even hydrogen
depending upon the species of bacteria.
In 1939, Hill

2

showed that oxygen is evolved when a

suspension of chloroplast in water is Illuminated in the
presence of a suitable electron acceptor or oxidant.

The

significance of this reaction was that it showed that there
Is a separation between the process of CC>2 reduction and
the photochemical events of photosynthesis.
Starting in the late 4 0 1s investigations were
undertaken by Calvin and Bassham on the carbon pathway of
photosynthesis.

Their experiments showed that the carbon

reduction cycle of photosynthesis proceeds by dark enzymic
reactions.

To reduce C02 , two products of the photochemical

phase of photosynthesis are required:

three molecules of

adenosine triphosphate (ATP) and two molecules of reduced
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nicotinamide adenine dinucleotide phosphate (NADPH) for
each molecule of C02 reduced.

In most algae and in higher

plants photosynthesis occurs in the membranous structure
called chloroplast.

In photosynthetic bacteria the same

role is played by the ehromatophores.

Light energy is

trapped within the chloroplast and ATP and NADPH are
generated by rapid photo-physical and photochemical reac
tions.

Once ATP and NADPH have been formed they are

released into the soluble phase of the chloroplast where
the reduction of CO^ proceeds in the dark in the presence
of suitable enzymes.
Chloroplast Structure
The mature chloroplast of a higher plant is typically
a flattened ovate spheroid with the longer axis ranging
between 2p and
known:

in length.

Two types of chloroplasts are

the non grana chloroplasts and the grana containing

chloroplasts.

When viewed by a phase contrast microscope

the chloroplast is seen to contain a number of dark bodies
0.3-0.5 m in diameter, called grana.

Incident light is

almost completely absorbed by the grana.

Fluorescence

microscopy has shown that chlorophyll is localized mainly
In the grana regions.

Extending the full length of the

chloroplast there is a series of parallel dark layers called
lamellae.

The denser areas which occur in the lamellae are

the grana lamellae, also known as small thylakoids.

The

less dense lamellae which Interconnect the grana lamellae

2k

are known as the intergrana or the stroma lamellae or the
large thylakoids.

The space between the lamellae Is

occupied by the stroma which is a light colored, largely
proteinaceous material.

The chlorophylls and other pig

ments which are present are located in or on the entire
lamellar structure.
The chemical composition of a chloroplast is extremely
complex.

In addition to the pigments, the compounds

present are quinones,

lipids, phospholipids, glycerides,

proteins, amino acids, deoxyribonucleic acid (DNA), carbo
hydrates and numerous enzymes.
Most theoretical models of chloroplast structure
postulate that it is made up of alternate layers of aqueous
proteins and lipids.

Lipids are found in all membranes to

an extent of about 30-40%.

The proteins provide the

fibrous base on which the lipid layer is spread.

Lipids

perform two main biological functions - energy storage and
selective permeability.

The first property originates

from the high energy content of fats, the second means that
It maintains an inside chemical composition different from
that prevailing outside and allows exchange of materials
which are essential for the maintenance of life.
protein layers of the membrane are hydrophillic

The
(water

attracting) while the lipid layers are hydrophobic
repelling).

(water

When a molecule having both hydrophillic and

hydrophobic parts is embedded in a structure which has
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alternate hydrophillic and hydrophobic layers the most
stable position is located at the lipid protein interface,
because at this position the molecule can satisfy both its
affinity for water and for organic molecules.
The chlorophyll molecule has a structure which
consists of the square porphyrin head and the long phytol
tail (Pig.

3)-

The polar head contains the magnesium atom

which has a tendency to acquire a positive charge making
the rest of the molecule negative.

The polar porphyrin

head is hydrophillic whereas the ptytol tail which is non
polar is hydrophobic.

Chlorophyll molecule, therefore,

accumulates on the lipid protein interface, with the
hydrophillic prophyrin head dipping into the aqueous pro
tein layer and the hydrophobic phytol tail dipping into
the lipid layer.

Carotenoids which is another class of

pigments is present only in the lipid layer.
Photosynthetic Pigments
The main pigments of photosynthesis can be classified
into three main groups:
phycobilins.

chlorophylls, carotenoids and

These pigments comprise a system which is

very effective in absorbing light throughout the visible
spectrum.

The energy of the absorbed light is transferred

by these pigments to a special low energy trap called the
reaction center where the photochemical reaction takes
place.
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Chlorophyll:

There are two principal forms of

chlorophyll (Chi) in higher plants and green algae; Chi a
and Chi b both of which are soluble in organic solvents.
Chi a is present in all photosynthetic organisms that
evolve oxygen.

It has been shown that in these organisms

several forms of Chi a are present with their red absorp
tion maxima ranging from 660 nm to 720 nm.

The short

wavelength Chi a forms are fluorescent and predominantly
present in photosystem II (PS II) while the long wavelength
forms are weakly fluorescent and predominantly present in
photosystem I (PS I).

Photosystem I and Photosystem II

would be dicussed later on.

Chi b is present in all higher

plants and green algae with the red absorption maximum at
650 nm.

Chi b is mostly present in PS II.

Carotenoids:

These are two major classes of yellow

and orange pigments present in almost all the photosynthe
tic organisms:

carotenes (present in PS I) and xanthophylls

(present in PS II).
Phycobilin:
green algae.
erythrin.

These are present in the red and the blue

There are two kinds - phycocyanin and phyco-

They are mostly associated with PS II, but they

are present in PS I as well.
Bacteriochlorophyll:

This is the main light

harvesting pigment of photosynthetic bacteria.
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Absorption Spectra
The absorption spectra of Chi a and Chi b as shown In
Pig.

4 is characterized by two strong absorption bands -

one located in the blue violet and the other in the red
region of the spectrum.

The first one is known as the

Soret band characteristic of all porphin derivatives,
whereas the second one is peculiar of chlorophyll and other
compounds derived from di hydro porphine.

The Soret band

represents a transition from the ground state to the second
excited singlet state of the Chi molecule and the absorp
tion band in the red region corresponds to a transition
from the ground state to the first excited singlet state.
Photosynthetic Unit
-i
Emerson and Arnold^ conducted experiments with algal
cells and neon flashes and found that the ratio of the
number of Chi molecules present to the maximum number of
oxygen molecules generated per flash was about 2500.

They

suggested that there exists a photosynthetic unit which is
composed of the 2500 Chi molecules and the reaction center,
where the energy of the absorbed photon is channelized by
the pigment molecules to be utilized for the primary
chemical process of photosynthesis.
The later discovery of the two photosystems in green
plant photosynthesis has changed this picture.

The present

concept is that there are two reaction centers, one
associated with each photosystem.

Each reaction center
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transfers one electron per flash, each electron passes In
turn through two reaction centers; four electrons make this
passage during the reduction of one molecule of CO^ to
carbohydrate.

Therefore, a total of eight photoacts are

Involved, from which it can be Inferred that 2500/8

300

Chi molecules are associated with each reaction center.
The size of a photosynthetic unit Is not uniform for all
plants.

Schmid and Gaffron

found that the size may vary

from 300-5000 Chl/fCC^ fixed) In various higher plants.
The size of the photosynthetic unit (PSU) in photosynthetic
bacteria is about six times smaller than in green plants.
There are about 50 bacteriochlorophyll (BChl) molecules
associated with each reaction center.
Evidence for the Existence of Two Photosystems
The pioneering work which led to the discovery of the
two photosystems in algae and higher plants was performed
5

by Emerson and Lewis.

Their first experiment measured the

rate of photosynthesis at different wavelengths of light
over the range absorbed by the photosynthetic pigments.

It

was found that in the far red region, beyond a wavelength
of 680 nm

the efficiency of photosynthesis falls rapidly to

zero even

though the pigments still absorb

This
that even

light.

result led to a second experiment^ which showed
though the quantum efficiency of

photosynthesis

Is very low at X ■ 680 nm it can be enhanced by adding
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lights of shorter wavelength.

It was also found that the

rate of photosynthesis In the presence of both wavelengths
is greater than the sum of the rates obtained when the two
wavelengths are supplied separately.

This phenomenon known

as the Emerson enhancement effect is explainable in terms
of the current hypothesis that two primary photochemical
reactions are Involved in photosynthesis in plants and
algae.

These primary reactions are driven by light absorbed

by two different pigment assemblies.

The enhancement

effect is not observed with the photobynthetic bacteria.
It is suggested that bacterial photosynthesis Is driven by
only one light reaction.
The results of the Emerson enhancement effect led Hill
and Bendall

7

to suggest a scheme for photosynthesis which

in a highly modified form Is known as the "Z scheme."

They

proposed that the first chemical steps in photosynthesis
involve an electron donor molecule D and an electron accep
tor molecule A In close association with a special Chi in
the reaction center.
an excited state.

An incoming photon raises the Chi to

In the excited state Chi induces the

release of an electron from D oxidizing it to D+ and
transfers the electron to A reducing It to A- .
Oxidation Reduction Reaction
Oxidation reduction reactions (redox reactions) are
those in which there is transfer of electrons from an
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electron donor (reducing agent) to an electron acceptor
(oxidizing agent).
as couples.

Oxidizing and reducing agents function

These couples can be characterized by a quan

tity called the standard reduction potential.

It Is

defined as the electromotive force In volts given by a half
cell In which the reducing and the oxidizing agents are
both present in one molar concentration at 25°C and pH 7.0
In equilibrium with an electrode which can reversibly
accept electrons from the reducing agent according to the
equation
Reductant +■ oxidant + ne"
where n is the number of electrons transferred.
The standard of reference is the redox potential of
the reaction
H 2 + 2H+ + 2e”
which Is conveniently set at 0.0 volts at a hydrogen
pressure of 1.0 atm, hydrogen ion concentration of 1.0 M,
pH 0.0 and temperature 25°C.

When this value is corrected

to the physiological pH 7.0, the redox potential of the
hydrogen-hydrogen ion system becomes -0.42 volts.
The relationship between the standard reduction
potential of a given redox couple, its observed potential
and the concentration ratio of its electron donor and
acceptor species is expressed by the Nernst equation, e.g.
. 0.06 , _ [electron acceptor]
Eh - Ei + ~ J T lo« [electron donor]
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where E^ is the standard reduction potential (pH 7.0,
T - 25°C) and n is the number of electrons transferred.
The point at which [electron acceptor] ■ [electron donor],
E. ■ E' - E where E is called the redox midpoint
h
o
m
m
potential.
Redox midpoint potential is very helpful in determining
the flow of electrons in redox reactions.

Electrons can

be easily transferred along the potential gradient from a
donor that have a more negative potential to an acceptor
having a more positive potential without any input of
energy.

In such a transfer,energy is released.

When the

transfer is against the electrochemical gradient,energy
input is required.
In the mitochondria of both plant and animal cells
energy in the form of ATP Is generated when electron trans
fer proceeds along the electrochemical gradient between a
series of donors and acceptors.

Hill and Bendall proposed

that some of the electron transport steps In photosynthesis
must go against an electrochemical gradient because the
redox potential of water (the primary electron donor) is
0.82 volts whereas that of NADP (the terminal electron
acceptor) is -0.32 volts.

The two light reactions provide

the energy to go against the electrochemical gradient.
They proposed that the two light reactions occur in two
different photochemical systems.

Each system has a

reaction center within which an oxidant and a reductant are
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formed.

The first photosystem (PS I) is proposed to

produce a strong reductant and a weak oxidant while the
second photosystem (PS II) is responsible for the formation
of a strong oxidant

(for the oxidation of water to molecular

oxygen) and a weak reductart.

The two photochemical systems

are linked by electron carriers so that the weak reductant
produced in PS II is oxidized by the weak oxidant produced
in PS I.
The basic reaction of photosynthesis

(Eq. 1) can be

written in a different way from an oxidation reduction
point of view.

reduction

oxidation

The reduction half reaction which Is basically the carbon
fixation pathway has been fairly well understood.

The light

mediated oxidation half reaction still poses many unanswered
questions.

The current hypotheses regarding the mechanism

of photosynthesis are based on the assumption that the con
version of light energy into chemical energy is via light
induced one electron transfers.

All reactions associated

with the oxidation half reaction takes place within the
PSU
While discussing the electron transport mechanism of
photosynthesis it would be worthwhile to look into the
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bacterial photosynthetic apparatus which is simpler than
that associated with the green plants.

Bacterial photo

synthesis has only one photosystem and the electron
transfer process is a cyclic one.
In bacterial photosynthesis Incident light quanta are
absorbed by an assembly of bacteriochlorophy11 (BChl) and
are ultimately

(Pig. 5) transferred to a special BChl

species designated P 870 (denoting an absorption maximum at
870 nm) which acts as an energy trap.

The absorption of

the photon leads to excitation which results In the trans
fer of an electron from P 870 to the acceptor X.
oxidized to P 870+ and X is reduced to X- .

P 870 is

The electron is

finally transferred from X” back to P 870+ along a cyclic
electron transport path which includes a few ubiquinone
molecules and a few cytochromes.

The energy stored as a

result of the primary photochemical act is utilized to
reduce NAD+ (oxidized nicotinamide adenine dinucleotide)
and to support conversion of ADP to A T P .
Z Scheme
The pioneering work of Hill and Bendall and subsequent
wide variety of experiments led to the development of the
electron transport scheme in green plants which Is popular
ly known as the Z scheme.

As discussed earlier there are

two photosystems, PS I and PS II.
of wavelength greater than

PS I can utilize light

680 nm and is associated with

the reduction of NADP, whereas PS II utilizes light with
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wavelength shorter than 680 nm and is associated with the
oxidation of water to molecular oxygen.

Though the Z

scheme serves as a basic model describing the photosynthetlc apparatus there is still considerable doubt as to the
Identity and position of the intermediate compounds of the
Z scheme.

Figure 6 shows the schematics of the Z scheme.

Each pigment system contains the photosynthetic unit
and the reaction center associated with it.

The other Chi

a and auxiliary pigment molecules serve as "antenna" which
collects the incident light quanta and funnels the energy
to the reaction center.

The reaction center chlorophyll

functioning in system I is designated P 700 (because of
the light Induced absorbance change at 700 n m ) .
is known about the reaction center of PS II.

Not much

Recently some

absorbance change connected with this reaction center has
Q
been observed at 682 nm.
In analogy to P 700, this is
designated P 682.

Once the energy is funnelled to the

reaction center the excited molecule donates an electron to
a neighboring acceptor molecule.

The chlorophyll molecule

P 700 is thus stripped of one electron and gets oxidized.
The acceptor molecule which receives the electron gets
reduced.
Excitation of the reaction center in PS II leads to
the transfer of an electron from P 680 to Q, thereby redduclng Q to Q ~ .

Recently it has been suggested that Q may

be equivalent to a component producing an absorbance change
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Q

at 550 nm, referred to as C 550.

The oxidized P 680

extracts an electron from water, the ultimate electron
donor,

leading to oxygen evolution.

The electron from the

primary reductant Q is carried by the electron carriers
which are located in the photosynthetic electron transport
chain between the two systems.

This chain is termed IETC

(Intermediate Electron Transfer Chain) by Vernon and
A v r o n .10

The terminal member of IETC is thus reduced.

Light energy absorbed by the antenna of PS I are
transferred to the reaction center P 700.

Upon excitation,

P 700 donates an electron to the unidentified acceptor X,
producing an oxidized P 700+ and a reduced X- molecule.
It has been observed recently that X may be equivalent to
a component producing an absorbance change at ^30 nm,
referred to as P ^30.

The P 700+ is restored to the orig

inal state by accepting an electron from the terminal
member of the IETC chain, which is either plastocyanin or
cytochrome f.

X” is a strong reducing agent which reduced

NAD P+ to NADPH which is subsequently utilized for the
reduction of C0 2 .

The reduction of NADP+ by electrons

from X- is mediated by ferredoxin and ferredoxin NADP
reduct ase.
Electrons may be removed from the system by artificial
electron acceptors.

Artificial acceptors which can be

reduced by PS I are benzoqu i no n e, indigo carmine, benzyl
viologen, phenazlne methosulfate (PMS), FMN (Flavin

no

mononucleotide), vitamin K, etc.

The artificial electron

donors to PS I are reduced PMS, reduced TMPD.

The arti

ficial electron acceptors associated with system II are the
indophenol dyes (DCIP, T C I P ) , ferricyanide, methylene blue,
threonine and toluylene blue.

This is in brief the Z

scheme.
ESR Study of the Two Photosystems
According to the Z scheme each primary photochemical
event may be viewed as a one electron oxidation-reduction
reaction.

There is a flow of electrons between the

reacting species.

Since these flows involve one electron

changes paramagnetic species are often formed.

It might be

expected that such light induced changes in paramagnetism
could be detected by using ESR and this indeed has been
done.

Although a number of light induced ESR signals have

been detected in photosynthetic systems, only a few of
them have been well characterized.

Work is still under

progress to analyze and identify the physiological origin
of the species responsible for the signal.
Before going into the green plant system it would be
worthwhile

at this point to discuss the bacterial photo

synthetic system as has been revealed by the ESR study.
Because of its simplicity as compared to the green plant
system, it has been studied more extensively and the
knowledge is more complete for this system.
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The first ESR signal associated with a bacterial
system was observed by Sogo'1'1 In 1959 when Rhodospirillum
Rubrum was Illuminated.
signal B 1.

Kohl

12

designated this signal as

The signal is characterized by a g factor of

2.0025 and line width of 9.5 Gauss.

It saturates at

moderate levels of microwave power (30 m W ) .

It has been

established from oxidation reduction titration that the
13
signal arises from a one electron oxidation process. J
14 TE
The signal is also photoproduced at low temperature
*
even as low as 1.8°K ^

which indicates that the signal Is

associated with the primary photochemical act.

Attempts

have been made to identify the origin of the signal.

The

absorption spectra of bacterial system show a reversible
light Induced bleaching of the BChl band at 870 nm.

It has

been found that the kinetics of the bleaching is very
similar to that of signal B 1 both at room temperature and
X 6 X *7
at 4° k . * '

Quantitative measurements have shown that

within the limits of experimental error, the ratio of
bleached P 870 entities to signal B 1 entities is 1:1.^®*"^
Comparison of the in vivo signal B 1 with the in vitro
20
BChl radical led Norris, et^ a l . ,
to suggest that the
signal arises from a dimer cation of the form
(BChl.^O.BChl)*.

This hypothesis has been verified

elegantly by recent ENDOR experiments performed by Feher,
21
22
et al. ,
and Norris , e£ al^.

The experimental results

have indicated that the signal B 1 arises from a dimer
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cation radical of BChl resulting from a light induced one
electron oxidation.
In green plants there are two photosystems and
correspondingly two associated ESR signals; signal I
associated with PS I and signal II associated with PS II.
System I is analogous to the bacterial photosystem.
Signal I is a single unstructured resonance similar to
signal B 1.

It has a gaussian line shape with g factor

2.0025, line width 1.2 gauss.
microwave power level (30 m W ) .

It gets saturated at medium
The saturation curve is

indicative of an inhomogeneously broadened line.

It arises

from a one electron oxidation with a midpoint potential (at
pH 7.0) of 450 mV

1^
J and can be photoproduced at liquid

nitrogen temperature.

15

The close resemblance between

signal I and signal B 1 leads to the suggestion that signal
I might be due to the oxidation of P 700 the analog of
bacterial P 870.

Beinert, Hoch and Kok

23

first proposed

such a correlation between P 700 and signal I in 1962.
Quantitative comparison of the number of spins, as derived
from ESR study, to the number of bleached P 700 entities
24
negated such an assignment.
In recent years Warden and
pC p£
Bolton
*
have used the technique of simultaneous optical
and electron spin resonance and have found that signal I Is
very likely due to the oxidized P 700,
The structure of the reaction center Chi (P 700) has
been studied by the electron nuclear double resonance
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(ENDOR) technique

27— 29

and by optical methods.

The results

indicate that the site of initial photochemistry probably
is a dimer of Chi a with a water molecule coupling the two
chlorophylls.

The unpaired electron is shared by the two

Chi molecules.

The primary photochemistry consists of a

quenching of the singlet excited state of the P 700 Chi
dimer by a one electron oxidation of P 700.

The electron

is accepted by a primary acceptor which now appears to be
some kind of an iron sulfur protein.
The ESR signal tentatively assigned to the primary
acceptor was first observed by Malkin and B e a r d e n ^ at 25°K
when whole spinach chloroplasts were preilluminated at
77°K.
(g

x

The light induced ESR signal had principal g factors

* 1.86, g

y

* 1.9^, g

z

= 2.05) and a temperature depen-

dence that was characteristic of the reduced plant type
ferredoxin.

The light induced ESR signal was also observed

in broken chloroplast from which soluble ferredoxin was
re moved.

It was suggested that chloroplasts contain a

bound ferredoxin which might be the primary electron
acceptor associated with PS I.
31
served by K e ,
Evans, et^
Bearden and Malkin

34

elI.

Similar signals were ob-
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33
,
and Leigh and Dutton.

showed that the bound ferredoxin of

chloroplasts was photoreduced at 25°K in whole chloroplasts
as effectively by wavelength larger than 700 nm as by wave
length shorter than 700 nm.

This suggests an association

of the bound iron sulfur protein ferredoxin with PS I.

iiii

They showed that the ESR signal associated with the iron
sulfur protein is formed stoichiometrically in a 1:1 ratio
to signal I.

35

However the presence of multiple non-heme

iron r e s o n a n c e s ^ ^ raises question about the role of
bound ferredoxin as the primary acceptor.
The experiments carried out by Yang and Blumberg
raises similar questions.
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also

Spinach chloroplasts were

illuminated either at 77°K or l.5°K and the relative ampli
tude of the ESR signal associated with ferredoxin and PS I
donor was studied.

The amount of ferredoxin reduced as a

result of illumination was less than 10% of the photopro
duced PS I radical.

The ESR signal of a second non-heme

iron center was observed with g = 1.90 and 1.81,

This

result showed that either ferredoxin is the primary acceptor
which can pass electrons to secondary acceptors at liquid
helium or liquid nitrogen temperature or ferredoxin is not
the primary acceptor but it can transfer electrons to the
primary acceptor at these temperatures.
Different suggestions have been made regarding the
qO
identity of the primary acceptor.
Puller and Nugent-3 have
proposed that pteridines serve as the primary acceptor for
both green plants and bacteria.

It has also been suggested

that flavin may serve as the primary electron acceptor of
39
PS I, 7

P 4 30 which has recently been proposed as a pri140
mary electron acceptor
may represent a bound form of
flavin or ferredoxin.

Very recently a bound chloroplast

iron sulfur protein has been isolated

Ill

and its spectral
If2
properties are similar to those reported for P *130.
This
finding supports the hypothesis of the equivalence of P *(30
and bound iron sulfur protein.
Attempts have been made to verify the proposed role of
a bound iron sulfur protein as the PS I primary electron
acceptor by comparing the decay kinetics of P 700 and the
iron sulfur protein at low temperatures.

*(3
K e , et^ a^l. ,

studied the light induced changes of ESR signals in PS I
subchloroplast particles at temperatures between 225°K and
13°K and found that the rate of onset of photo-oxidation
of P 700 and photo-reduction of iron sulfur proteins are
identical.

The fraction of the P 700 ESR signal which was

reversible decreased with decreasing temperature becoming
completely irreversible at 13°K.

In the temperature range

(225°K - 13°K) the decay of P 700 and reduced iron sulfur
protein signals are identical suggesting that the iron
sulfur protein is the reaction partner of P 700.
*f*J

et a l . ,

Visser,

found that the photo-oxidation of P 700 was

partly reversible at temperatures between 10°K and 200°K.
The photo-reduction of ferredoxin was also partly revers
ible and the kinetics were identical to those of P 700.
30
These results support the hypothesis of Malkin, et^ al.. ,
that ferredoxin is the primary electron acceptor of PS I.
ii c

Evans and Cammack J found that if the iron sulfur
centers are chemically reduced before freezing,the reduction
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of these centers Is no longer related to the photo— oxidation
of P 700.

The photo-oxidation Is completely reversible.

They concluded that the iron sulfur centers are secondary
electron acceptors and that an unknown primary electron
acceptor transfers electrons from P 700 to the iron sulfur
protein.

46
McIntosh, et a l . ,
studied the PS I spinach

subchloroplast particles at 6°K using the technique of
flash photolysis ESR.

Signal I showed a partial light

reversible behavior at 6°K.

If it is assumed that the

bound ferredoxin is the primary electron acceptor of PS I,
It should have a similar kinetic behavior.

None of the

bound ferredoxin ESR signal showed such a behavior.

Inves

tigation at higher fields revealed two components with g
factors 1.75 and 2.07 which did show the expected kinetic
behavior.

It was proposed that the acceptor may be an Iron

sulfur protein but not of the type characteristic of the
bound or water soluble ferredoxin.
and Bolton
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Very recently McIntosh

did a study of PS I particles from spinach

which were reduced with 0.01 M dithionite.

The signal I

was found to be 5036 light reversible at about 10°K.

A

light reversible ESR signal concomitant with signal I was
observed with g factors 2.07, 1.86 and 1.75.
a l .,

48

Evans, et

have reported a similar light reversible signal at

low temperature with g factors of 2.08, 1.88 and 1.78 In
membrane fractions from a blue green alga.

These g factors

are quite different from those of a ferredoxin type acceptor.

**7
iiq
Bearden and Malkin 7 have followed the photo-oxidation
at 18°K in intact chloroplast and enriched PS I prepared by
the use of digitonin and LDAO.

Addition of dithionite

eliminated 90% of the P 700 formation in all the prepara
tions.

Photo-reduction of bound chloroplast iron-sulfur

protein also decreased under similar conditions.

They con

cluded that P 700 photo-oxidation is accompanied by a
photo-reduction of bound iron sulfur protein which func
tions as the primary electron acceptor of PS I.
study by Malkin, et^ a l .,
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Another

on P 700 chlorophyll a protein

complexes isolated from a blue green alga have shown that
the complex prepared by the action of the detergent sodium
dodecyl sulfate is photoactive only at 300°K whereas the
complex prepared by the action of the detergent Triton
X-100 is photoactive at 300°K as well as 15°K.

It has been

suggested that the absence of photoactivity at 15°K in the
SDS treated complex is probably due to the removal of bound
iron sulfur protein by SDS, which

indirectly leads to the

conclusion that the iron sulfur protein is the primary
electron acceptor of PS I.

Thus it is quite obvious that

the identity of the primary electron acceptor is still
unresolved.

Further work is needed before the controversy

is resolved.
Fractionation
Because of the complex nature of the photosynthetic
system of algae, higher plants and photosynthetic bacteria

48

many investigators have attempted to fractionate the
physiological system to obtain a smaller system which can
be characterized more completely, and which is easier to
investigate.

Several physical and chemical methods have

been employed for the preparation of subchloroplast and
subchromatophore particles.

Physical methods which have

been employed include pressure,

51

sonication

52

and chemical

methods include treatment with detergents such as
digitonin,

5^

non-ionic Triton X-100,

dodecyl sulfate (SDS),
(LDAO),

56

etc.

55

54

anionic sodium

lauryl dimethyl

amine oxide

During these fractionation procedures

attempts have been made to isolate a purified reaction cen
ter complex which is the seat of photochemical reaction in
the process of photosynthesis.

In photosynthetic bacteria

it has been possible to solubilize the membrane structure
57-64
by the use of detergents/'

These solubilization tech

niques paved the way to the isolation of small phototrap
complexes.

Application of the detergent L D A O ^ * ^

to a

carotenoidless mutant of Rhodospirillium spheroides led to
the isolation of a reaction center of molecular weight
70,000 daltons composed of three polypeptides of molecular
weights 19, 22 and 27 kilodaltons.^ L a t e r

work has

shown that preparations which retain some antenna pigments
reveal the presence of a major polypeptide component at 12
kilodaltons possibly complexed with the antenna
bacteriochlorophyll.

studies have also been made
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involving the action of double detergents, e.g. LDAO
followed by S D S ^ * ^ which resulted in the splitting of the
reaction center into two subunits, one with a molecular
weight of 4H kilodaltons which is photoactive.
Another approach which has been found very effective
in membrane dissolution is the alkaline-urea-triton (AUT)
method

71 72
*' which involves treatment with the detergent

Triton X-100 under alkaline pH and high urea concentration.
Under alkaline condition the negative charge on the protein
constituents and other acid base components aid in disrup
tion of the membrane.

The detergent binds to the protein

by hydrophobic interaction.

The high urea concentration

(6M) force rearrangements of protein tertiary structure
allowing the first two conditions to be more effective.
This method converts chromatophores into phototrap complexes
of smaller molecular weight (100,000) daltons in which the
antenna pigments, carotenoids, bacteriochlorophyll are
still present.

The photoreceptor complexes contain a

considerable amount of lipid and transition metals along
with them in solution.

A purification technique involving
7-3

column electrophoresis has been developed

7 if

’

which

separates the phototrap complexes from other membrane com
ponents.

Such an electrophoretically purified AUT

preparation called the AUT-e preparation has been found to
have a very low transition metal content.

Electron spin

50

resonance spectroscopy

7H

has revealed a new electron

acceptor species in this preparation.

The advantage of the

AUT procedure is that it is applicable to wild type as well
as mutant strains of bacteria, green plants and algae.

It

produces sufficient dissolution to allow separation of
nearly all iron containing compounds.

It allows the study

of an ESR signal which might be due to the reduced primary
electron acceptor.

It produces a low molecular weight

phototrap complex in which the antenna chlorophyll and the
carotenoids are still present.
Several attempts

52-56

have been made to separate the

two photosystems In green plants and to prepare a purified
reaction center.

These attempts have not met with much

success because of the difficulty Involved In removing all
the antenna pigments.

Some of these methods have succeeded

in achieving a considerable decrease In the ratio of bulk
chlorophyll to P 700 in the PS I particles.

The Chi to

P 700 ratio in these preparations have varied from 15
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to

about 30 or 4 0 . ^ * ^
Polypeptide composition of the subchloroplast particles
containing PS I and PS II obtained by the action of the
detergent Triton X-100 or french pressure rupture has been
studied using the technique of SDS-acrylamide gel electrophoresis.

7 fi

The proteins associated with PS II are grouped

around 23 kilodalton and those associated with PS I are
clustered in the 50-70 kilodalton range.
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Scope of the Present Work
In view of the previous discussions it can be pointed
out that the PS I associated with green plants still poses
a number of unsolved problems.

It has not been possible to

isolate a purified reaction center of PS I.

The identity

of the primary electron acceptor is also questionable.
Considering all these facts it becomes apparent that
a well controlled systematic study must be performed to
investigate the proper conditions for isolation and puri
fication of PS I phototrap complexes.
an attempt in that direction.

The present work is

A detailed account is

presented on the effect of subjecting spinach chloroplasts
to the AUT procedure followed by column electrophoresis
7 ^ 74
similar to the method used by Loach and co-workers
*
on
bacterial chromatophores.

In order to obtain a clear

understanding of the action of detergent in this treatment
the detergents Triton X-100, and SDS have been employed
separately and in pairs in the dissolution procedure.

The

AUT procedure was adopted because of its advantages dis
cussed previously and also because of the fact that this
technique has never been applied to the green plant system.
Differences In the electrophoresis pattern, absorption
spectra, ESR spectra and polypeptide profiles resulting
from these different procedures are presented.

CHAPTER III
MATERIALS AND METHODS
Extraction of Chloroplast
Chloroplasts were Isolated from market spinach.
Approximately 150 gms of spinach leaves were washed
thoroughly,

freed of midribs and disrupted at full speed in

a Waring blender for 2 minutes at 4°C in 300 ml of the
blending solution (0.4 M sucrose, 0.02 M Tris Hcl, pH 7.8).
The slurry was filtered through eight layers of cheese
cloth and the filtrate was centrifuged for 5 minutes at
1000 rpm (121 g ) ,

The supernatant was recentrifuged at

10,000 rpm (12100 g) for 60 minutes.

The precipitate of

the second centrifugation which contained the whole chloro
plasts was resuspended in the blending solution and
homogenized to a final volume of 40 ml

(0DgyQ ** 300).

Ultrasonicatlon
The chloroplast suspension was next subjected to
ultrasonic treatment for the purification of photosystem I
and removal of photosystem II.

It has been observed that

on prolonged sonlcation PS II is almost completely des
troyed.

Ultrasonic treatment was performed using a Branson

Sonifier (Model S 75* Branson Instruments,

Inc.).

Present

theories hold that bubbles are formed by gas dissolved in
the medium, which are thrown away from the sonic generator
52
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like high speed projectiles.

When such streams of bubbles

or swiftly moving liquid impinge on cells, the resulting
friction disrupts the cells.
For sonication AO ml of chloroplasts (ODg^Q —
were placed in a beaker contained in an ice bucket.
solution was sonicated for 30 minutes.

300)
The

Attempts were made

to prevent heating of the solution by providing sufficient
interval between each exposure.

The sonicated solution was

centrifuged at 10,000 rpm (12100 g) for 30 minutes and at
30,000 rpm (105,000 g) for two hours.

The precipitate of

the second centrifugation was resuspended in 10 ml of the
original buffer, homogenized (ODg^Q—

500) and stored in a

cold room.
Batch AUT Treatment
The sonicated chloroplast suspension was subjected to
a modified alkaline solubilization treatment referred to as
the batch AUT treatment.

The solution contained 0.1 M

phosphate buffer (pH 10.8), 6 M urea, and 1% Triton X-100.
6 ml of the sonicated chloroplast suspension was added to
the solution and the final volume adjusted to an OD ~ 50.
In some experiments the final OD was adjusted to be about
160.

When SDS was used in addition to the Triton X-100,

its concentration was kept at 0.25$.

The incubation of the

chloroplast suspension with the detergent continued for an
hour at 0°C.

At the end of the incubation solid KHgPO^ or

NaHjPO^ was added to the solution to neutralize it.
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Dialysis
After the neutralization the solution was subjected to
dialysis to remove the urea and other inorganic salts.

Di

alysis bags (Union Carbide Co.) were first washed by heating
them at 80°C in a 0.1 M NaHCO^ solution for 10 minutes.
The bags were rinsed thoroughly with distilled water and
reheated at 80°C in a 1% acetic acid solution for 10 minutes
to neutralize the effect of the NaHCO^.

The bags were

rinsed again with distilled water and stored in ethanol.
Before dialysis a suitable length of the bag was cut,
thoroughly washed and the batch treated solution was dialyzed in it against the appropriate phosphate buffer
(1 mM, pH 7.5).

The solution was dialyzed for about 2

hours with frequent changes of the buffer solution.

Pro

longed dialysis was avoided to prevent aggregation of
proteins.

Following dialysis for 2 hours the solution was

stored in the cold room prior to column electrophoresis.
If it was required to centrifuge the batch treated solu
tion and collect the precipitate the solution had to be
dialyzed extensively for ca. a week.
sis removed most of the detergent.

This extensive dialy
Next the solution was

centrifuged at 40,000 rpm (144,000 g) for 24 hours.

The

precipitate was collected and frozen.
Column Electrophoresis
Proteins are amphoteric, i.e. they can behave as
cations or anions depending on the pH.

For all proteins

there is a certain pH value denoted by pi called the
isoelectric point at which the protein is electrically
neutral.

At any pH lower than the pi a protein would be

positively charged and migrate towards the cathode under
the influence of an electric field, whereas at any pH higher
than the pi a protein would be negatively charged and mi 
grate towards the anode under the action of the electric
field.

In electrophoresis the pH of a system is usually

kept constant.
In the column electrophoresis method a d.c. potential
is applied to an electrolyte system in which the pH
steadily decreases from the cathode to the anode.

When a

sample of proteins is added to this system the protein
molecules will acquire charges determined by their individ
ual pi value and the pH value of the gradient at the
position where the protein is located.

If the pH gradient

Is maintained stable during the electrophoresis, then under
the action of the electric field each protein molecule wouJd
migrate towards the pH value in the system where it Is
isoelectric point of that species.

This process is known

as "Isoelectric focusing."
The pH gradient is obtained by using Ampholine carrier
ampholytes which has the structure
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where

R - H or (CH2 )x - COOH m,n,p and x < 5.

Each fraction

of Ampholine contains a great number of ampholytic sub
stances of the type aliphatic-polyamino-polycarboxylic
acids.

All these substances have adjacent isoelectric

points distributed over the chosen pH range.

At the be

ginning of a run, the pH is constant throughout the system
representing the average value of all carrier ampholytes in
the solution.

When they start migrating towards the elec

trode some of them are positively charged and some
negatively charged.
During migration a pH gradient is built up due to their
buffering capacity.

After sometime the carrier ampholytes

will arrange themselves in the order of their isoelectric
points, the most acid one being located at the anode and
the most basic one at the cathode.

The sample proteins

which are to be electrofocused also start migrating under
the influence of the electric fie I d .

The carrier ampho

lytes have good buffering capacity at their isoelectric
points so that they determine the pH at that point where
the higher molecular weight ampholytes

(proteins) are

focussed.
The electrofocusing separation was conducted in an
Ampholine electrofocusing column (*4*10 ml, LKB Produkter AB,
Sw eden).

Figure 7 shows a schematic drawing of the system,

the electrofocusing compartment

(1) has an annular cross

section and is surrounded from both sides by a cooling

V

-
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Jacket containing (50JE-50J) water-ethanol solution which
are interconnected with tubing (2).

The electrodes, made

of platinum are located in such a way that no gas bubbles
disturb the electrofocusing process and no electrode pro
ducts come Into the electrofocusing compartment.

The upper

electrode (3) is a loop located at the top of the electro
focusing compartment and Is connected to a plug (*4).

The

central electrode Is wound on a teflon rod (5) in central
tube (6) and connects to plug (7).

This rod serves both

as a carrier for the electrode and as a lever for valve
(8) which makes it possible to shut off central tube (6),
from compartment (1) by means of a setting device (9) at
the top of the column when emptying.
Typically a 1$ ampholyte solution was used for an
electrofocusing process.

In order to protect the carrier

ampholytes from reduction at the cathode and oxidation at
the anode, the electrodes were surrounded by an alkaline
and acid solution respectively.

During electrolysis the

base and the acid were drawn to the respective electrodes.
The acid at the anode gave a net positive charge to the
ampholytes which were repelled from the anode.

Similarly

the base at the cathode gave a net negative charge to the
ampholytes which were repelled from the cathode.
For the anode solution, 0.8 ml of

was diluted

with 56 ml of distilled water and 48.0 gm of sucrose was
dissolved in it.

For the cathode solution 0.8 ml of

ethylenediamine was diluted with 40 ml of distilled water.
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A prerequisite for the technique of isoelectric
focusing is the use of a density gradient of a nonionic
solute to prevent thermal convection and to stabilize pro
tein zones.

A density gradient was prepared by mixing a

dense solution containing water, ampholytes, dense solute
with a light solution containing water, ampholytes and the
sample to be electrofocused.

Sucrose was commonly chosen

as the dense solute because of its high density, good
solubility, low viscosity in water, non-interaction with
the proteins and its nonionic

character.

The concentration of Ampholine carrier ampholytes was
chosen to be 1% which is the recommended amount to be used
for unknown proteins.

Therefore, for the 440 ml column

10.8 ml of the 40Sf stock solution was used.
To prepare the dense solution for the density gradient
3/4 of the carrier ampholytes

(8.1 ml) were diluted to

150 ml with distilled water containing 100 gms of sucrose.
For the light density solution 1/4 of the carrier ampholytes
(2.7 ml) were diluted to 215 ml with distilled water.
density gradient was arranged as follows.
mixer

The

Since a gradient

was not available, the density gradient was arranged

manually according to Table I.

The light solution in tube

#31-36 was replaced by the sample solution.

The contents

of each tube was mixed thoroughly.
The dense electrode solution (anode solution) was
poured into the central chamber (6) via nipple (A) by means
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Table I
0

4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

Dense Solution
(ml)
9.0
8.8
8.6
8.4
8.2
8.0
7-8
7.6
7.4
7.2
7.0
6.8

6.6
6.4
6.2

6.0
5.8
5.6
5.4
5.2
5.0
4.8
4.6
4.4
4.2
4.0
3.8
3.6
3-4
3.2
3.0
2.8
2.6
2.4
2.2
2.0
1.8
1.6
1.4
1.2
1.0
0.8

0.6
0.4
0.2
0.0

Less Dense Solution
(ml)
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
2.6
2.8
3.0
3.2
3.4
3.6
3.8
4.0
4.2
4.4
4.6
4.8
5.0
5.2
5.4
5.6
5.8
6.0
6.2
6.4
6.6
6.8
7.0
7.2
7.4
7.6
7.8
8.0
8.2
8.4
8.6
8.8
9.0
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of a suitably prepared funnel and tubing.

The outlet of

column was opened by loosening pinch clamp to remove trapped
air until the solution emerged.

Care was taken to see that

no further air was trapped at the bottom of the column.
The meniscus of the dense electrode solution was about 2 cm
above the lower end of the central chamber.
Next the electrofocusing column was filled with liquid
fractions by pouring them in succession beginning with the
dense solution.

To produce a well defined gradient, the

liquid was allowed to run down smoothly along the inner
wall of the column at a rate of about 4 ml/min.

The last

fraction was added to approximately 1 cm above the upper
electrode.

To prevent aggregation the column contained

about 0.2% of the detergent Triton X-100.

The chlorophyll

content of the sample was about 0.6 mg/ml.
The electrodes were connected so that the negatively
charged components migrated toward the bottom (anode) of
the column.

A period of 18-24 hours at 350 Volts was used

for development of most columns.
maintained at 3°C in a cold room.

The temperature was
At the end of the elec

trophoresis fractions from the column were collected.

The

O.D. of the various fractions were measured with a Cary 14
spectrophotometer.

Fractions showing pronounced photo

activity were combined, extensively dialyzed (ca. one week)
and centrifuged at 144,000 g for 24 hours.

The precipitate
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was stored frozen to be used later for ESR study or protein
analysis by the SDS-acrylamide gel electrophoresis
technique.

This precipitate is referred to as the AUT-e

sample.
SDS-acrylamide Gel Electrophoresis
The polypeptide composition of the whole chloroplast,
sonicated chloroplast, AUT sample and the AUT-e sample was
determined by using the technique of SDS-acrylamide gel
electrophoresis.
Many proteins are oligomeric and contain more than one
polypeptide chain.

When treated with SDS the protein

dissociates into its subunits and each polypeptide chain
is completely unfolded to form a long rod like SDS-polypeptide complex.

In this complex the polypeptide chain is

bontifcd to SDS molecules in such a way that the charged
sulfate groups of the SDS are exposed to the aqueous medium
and its hydrocarbon chains are in tight hydrophobic
association with the polypeptide chain.

As a result of

complex formation with SDS the proteins migrate as anions.
The rate of migration is determined primarily by the mass
of the polypeptide, the driving force being provided by the
electric field.
In SDS gel electrophoresis the stabilizing medium is
a gel of polyacrylamide which Is the polymerization and
cross linking product of monomer acrylamide ( C H j ^ H - C O - N I ^ )
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and the cross linking co-monomer N, N'-methylene bis
acrylamide (Bis)(CH2»CH-C0-NH-CH2-NH-C0-CH«CH2 ) .

The con

centration of acrylamide and bis in the gelating solution
and the degree of polymerization and cross-linking deter
mine the viscosity, density, elasticity and mechanical
strength of the gel.
The weight ratio of acrylamide to bis is

very critical.

If the ratio is less than 10 or more than 100 the

gels

become brittle, rigid

is about

and opaque.

When the ratio

30 and the acrylamide concentration is higher than 3%
elastic and completely transparent gels can be obtained.
For the polymerization of the gels, free radicals are need
ed which are provided by the catalyst-redox system, e.g.
ammonium persulfate and N , N , N 1N ',-tetramethylene diamine
(TEMED).
In conventional electrophoresis using liquid medium,
charged particles are separated on the basis of their
charge.

But in gel electrophoresis they are separated

according to both diarge and size.

The gel interacts with

the migrating particles according to their size, which is
known as molecular sieving.
The SDS-gel electrophoresis technique was used by
77
Shapiro, at al.,
to find the molecular weights of proteins
and polypeptides.

A logarithmic relationship was found

between the molecular weight M and the distance of
migration x, i.e

6k

M * k 10*bx
where k is a constant and b is the slope.
Weber and
78
Osborn
also used this technique and found that the method
can be used to determine the molecular weights of polypep
tide chains for a wide variety of proteins to within an
accuracy of less than ±10K.
The design of the apparatus used for electrophoresis
is shown in Figure 8.

It consists of a clear outer Jar, a

lid with power cables, a sealer-extractor plate and a tube
holding rack.

The holding rack seals the Jar into three

water tight chambers:

(1) the lower buffer reservoir

extended to the top through an open central core,

(2) a

middle chamber from which the open ends of the gel tubes
are sealed and through which cooling liquid circulates in
direct contact with the tubes and (3) the upper reservoir.
The tube holding rack consists of two parallel plates with
holes drilled in them.

Rubber grommets are inserted into

the holes to hold the gel tubes.
with rubber stoppers.

Unused holes are closed

The electrodes have the same distance

from each gel center, which are equidistant from each other
to maintain a constant voltage drop between the electrodes
and each gel.
For electrophoresis a method similar to that used by
70
Okamura, et a l ., was employed with suitable modifications
wherever necessary.

A stock solution of acrylamide and Bis
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was prepared by dissolving 7.5 gm acrylamide and 0.2 gm of
Bis in water and making the volume to 50 gm wt (water).
This stock solution was stored in a refrigerator In a dark
bottle.
0.75 ml

Before making the gel, 10 ml of this stock solution,
(1 M Tris Hcl, pH 8.0), 0.15 ml (10% SDS),

3-95 ml

distilled water were combined with 7.5 yJt of TEMED.

The

solution was degassed thoroughly for about an hour.
Glass tubes which were to be used for preparing the
gels were washed thoroughly by soaking them for several
hours in (KOH In ethanol) solution, rinsed with distilled
water and dried.

The tubes were mounted in the tube rack

vertically the bottom end being closed by vacutainer caps.
100 ul of 10% ammonium persulfate solution was added to the
degassed solution and the glass tubes were filled with 3 ml
of this

solution.

Care was taken to prevent any air

bubble. Before the gel hardened in the

tube a few drops of

water were layered on top of the gel to prevent formation
of a concave meniscus at the surface.

For satisfactory

separation It Is very necessary to have a perfect flat
surface.

The gels were allowed to harden for an hour.

After polymerization the tubes were carefully removed from
the caps.

Water was sucked off from the top of the gel and

the tubes were filled up with the buffer solution (50 mM
Tris Hcl, 0.1JI SDS, pH 8.0).

The holding rack was placed

in the Jar and both the lower and the upper comparments
were filled up with the buffer solution.
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The batch AUT and the AUT-e samples were extracted
with 80Jf acetone and centrifuged, the precipitate washed
twice with 80% acetone, then twice with water and resol
ubilized in 2.5% SDS, 10 mM Tris HC1 (pH 8.0), 1% mercaptaethanol and denatured by heating at 100°C for one minute.
For the whole chloroplast and the sonicated chloroplast
the acetone extraction was omitted and during solubilizing
the SDS concentration was maintained at 1J6.

The molecular

weights of the polypeptides were determined by comparison
with standard proteins.

The following proteins were used

as markers and the molecular weights, in parentheses, given
by Weber and Osborn were adopted:

bovine serum albumin

(68,000), catalase (60,000), ovalbumin (^3,000), alcohol
dehydrogenase (37,000), myoglobin (17,200) and cytochrome C
(11,700).

The standard proteins were run in groups of

three, the amount of them applied on the gels were about
5-6 A.

The amount of the unknown proteins applied on the

gels varied from 1 A to 10 A, depending on the protein and
its concentraton.

In addition to the proteins a tracking

dye (0.5% Bromophenol blue in water) was applied on each
gel.

This dye serves as a marker of the migrating boundary

during electrophoresis.
Electrophoresis was performed at 5 niA per tube for 3
hours with the anode connected to the bottom of the gels.
After electrophoresis the length of the gels and the
distance traveled by the tracking dye was measured carefully.
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The gels were then fixed overnight in 50$ methanol, 5%
acetic acid.

Following fixing,the gels were stained with

0 ,25% (w/v) coomassie brilliant blue in the same solvent
for 15 minutes and destained in 10$ methanol, 10$ acetic
acid using a Bio Rad Model 172 unit diffusion destainer.
After destaining the gels were scanned using a Quick Scan
instrument which employed a color filter (maximum trans
mission at 570 nm) for selecting the detecting wavelength.
The gels could be stored for an extended period of time in
a 7% (v/v) acetic acid solution,
ESR Measurement
All the ESR spectra were recorded on a JE0L-3 BSX ESR
spectrometer.

For room temperature study aqueous samples

were placed in flat quartz cells in the spectrometer.

The

illumination was provided by a xenon discharge lamp (Model
LH-150, Xenon Corp.).

The magnetic field was measured

accurately by using a precision Oaussmeter (RF oscillator
Model 0 503, Indicator Model G 502) in conjunction with a
80 MHz frequency counter (Hewlett Packard Model 5381 A).
The microwave frequency was determined using the wavemeter.
Kinetic Study
The rise and decay kinetics at room temperature of the
photoproduced ESR signals was studied using illumination
from the Xenon discharge tube interrupted suitably with a
shutter device.

The light was filtered through a Corning
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glass filter (Model CS 373) to remove the UV rays.

This

kinetic experiment measured decay half life-1 second.

The

magnetic field was positioned at the low field maximum of
the ESR derivative signal and the output of the ESR spec
trometer was fed into a computer of average transients
(CAT).
The CAT is a memory device used to improve the signal
to noise ratio of repeatable signals.

It has the capability

to accumulate traces as a means of bringing forth coherent
signals otherwise obscured by noise.

The CAT used (Varian

Model C 1024) has 1024 memory channels and has the ability
to sweep through these channels in times from 25 msec to
1000 secs.

The sweep of the CAT was synchronized coherent

ly with the opening of the shutter by an external triggering
and delay system.
Since it is not usually convenient to record the decay
of a radical back to the base line, suitable electronic
circuitry was designed to trigger the CAT a set amount of
time prior to each triggering of the shutter.

In this way

a baseline could be recorded to be used later in the deter
mination of signal amplitudes.

Enough time was allowed

between each successive triggering of the shutter device to
ensure the decay of the signal amplitude to zero.
Triggering Device
Figure 9 shows the circuit schematic for the
triggering device.

This device can produce suitable pulses
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for triggering the CAT, activating the shutter mechanism
and triggering the Xenon flash lamp.

The flash lamp is

usually used for the study of fast kinetics.

The time

voltage characteristics of the various triggering pulses
are shown in Pig. 10.
The triggering pulses for the flash and the CAT are
provided by the NE 555 timer (U-^).

The CAT requires a 8.6

volt positive pulse for triggering.

This is achieved by

inverting the output of the timer with the help of Q 1>

If

the flash is to be triggered the same signal is differen
tiated and the negative part of the signal is Inverted with
the help of Q 2 to give a 8.6 volt sharp positive pulse.
The pulse for triggering the shutter device is provided
by the NE 555 timer (U2 ) working in conjunction with U^.
The time t^ determines the delay between the triggering of
the CAT and the triggering of the shutter device which is
determined by the resistance R^.

The time t2 determines

the interval between the occurrence of successive CAT
triggering pulses.
timer

The resistance R2 determines t2 -

The

can be operated in two modes, the long mode and

the short mode.

In the long mode the switch

is closed

so that the capacitor C 2 is included in the circuit,
varies from 6.8 msec

to 1.71 secin the short mode and
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in the

msec to 17-1 sec

1.03 msec to 9*6 sec

long

mode.

in theshort mode and

to 96 sec in the long mode.

The

t^
from

t 2 varies from
from 10.3 msec

long mode is normally used

CAT TRIGGERS
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for the study of slow kinetics.

t| which determines the

time for which the shutter remains open can be adjusted
with R^-

t| can be varied from 0.68 sec to 14.4 sec.

t£

is determined by (t^ + t2 - t-p.
In the actual kinetic experiment the following values
were used:

^

- 10 sec, t2 ■ 90 sec, t^ - 5 sec.

sweep time was set at 50 sec.

The CAT

Sufficient number of sweeps

were recorded till a signal was obtained with very good
signal to noise ratio.
Liquid Helium Study
The ESR signals associated with the batch treated and
electrophoresed samples were also studied at very low
temperature In the neighborhood of liquid helium temperature
Low temperatures were maintained with an Air Products Model
LTD-3-110 "Helitran" liquid He dewar and transfer system.
The flow was adjusted in such a way that the temperature
was about 10°K.

The temperature was recorded with the help

of a Chromel Gold thermocouple in conjunction with an Air
Product Model APD-B temperature controller.
The batch treated samples were suspended in a 0.05 M
phosphate buffer (pH 7-7) with 0.5 M sucrose, 0.01 M NaCl
and 50$ glycerol.

The glycerol was added so that the

preparation formed a glass at low temperature.

The sample

containing suspension was frozen in quartz tubes at liquid
nitrogen temperature and the ESR spectra was recorded at

10°K.

The microwave power was so adjusted that the g-2.00

signal was well defined.

This signal was used as the

reference for the g factor determination.

The magnetic

field was determined with the help of a NMR gaussmeter
described earlier.

Arrangement was made so that the sample

could be illuminated inside the cavity.

CHAPTER IV
RESULTS AND DISCUSSION
In order to better understand the primary photochemical
reactions of green plant photosynthesis and the structural
units that house these reactions, it is felt generally that
this task is best accomplished by a thorough isolation of
these units without loss of either structural integrity or
photochemical activity.

As mentioned earlier several

research groups have investigated the effects of detergents
on membrane dissolution of chloroplasts with the goal of
isolating purified PS I particles.
An attempt toward this goal is undertaken by
performing a controlled series of studies:

(1) to investi

gate the action of different detergents under conditions of
high pH (i.e., the AUT preparation formalized by Loach and
co-workers) on solubilizing the membrane structure of
spinach chloroplasts, (2) to determine the degree of separa
tion and purification of PS I phototrap complexes using the
technique of liquid column electrophoresis,

(3) to study

the photochemical activity, polypeptide composition and
(4) to study the decay kinetics and ESR spectra of the
primary photochemical reactants.

The results of the first

three series of studies are sectioned into groups according
to which detergent was used.
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Triton X-100
It has been noted for many years that sonicatlon of
chloroplasts, which normally exhibit a sharp absorption
peak at 680 nm and a Soret band at ca. 435 nm with a
shoulder at 475 nm produces a slight shift of the long wave
length peak to ca. 675 nm.

Subjecting sonicated chloro

plasts to a batch AUT treatment containing Triton X-100 as
the detergent causes a further shift of the 675 nm band to
ca. 670 nm with a concomitant smoothing of the 475 nm
shoulder (see Fig.

11).

The shift and smoothing may be

partially explained in terms of the AUT treatment solubi
lizing different pigment protein complexes with absorption
spectra slightly augment from their spectra in vivo in the
membrane, as well as the presence of small amounts of
detergent solubilized chlorophyll released during the
batch treatment.
The O D profile of the various fractions obtained by
the column electrophoresis of the batch AUT (1% Triton
X-100)

treated chloroplasts are shown in Fig.

12.

The

pattern shows two prominent bands; one near the bottom of
the column and another stronger one near the middle of the
column.

There is a sharp cutoff In OD immediately after

the strong band.

Repetition of the electrophoresis with

concentrated samples (OD»16 0) produced a similar OD pro
file except for the fact that the weaker band towards the
bottom of the column gets narrower and the strong band
near the middle becomes wider (Fig.

13).
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The absorption spectra of the various fractions reveal
some very important features (Figs. 14, 15).

The absorp

tion peak at 670 nm shows a shoulder at about 645 nm.

The

peak at 670 nm is probably due to Chi a and that at 645 nm
is probably due to Chi b.

The absorption spectra of the

various fractions from the bottom end to the middle of the
column do not reveal any difference.

The ratio in ampli

tude of 670 nm peak to 645 nm peak stays close to 2 , and
that between the 4 35 nm peak to the 670 nm peak remains
between 1,6 to 1,8.

The Soret band reveals only one peak.

Little before the top end of the column is reached the
absorption spectra of the column fractions starts showing
some new features.

Two peaks appear in the Soret band at

420 nm and 440 nm.

At the same time the 645 nm peak starts

growing in amplitude relative to the 670 nm peak.

The

ratio of amplitude of the Soret band and the 670 nm peak
also starts increasing and attains a value between 3 and 5*
The two peaks at the Soret band finally coalesces into a
single peak at 420 nm.

The 480 nm peak also becomes quite

prominent and attains an amplitude almost equal to that of
the 645 nm peak.

This trend is maintained even when con

centrated samples were used for electrophoresis.
The study of the absorption spectra provides valuable
information about the action of detergent such as Triton
X-100 on chloroplast.

The results of the gel electrophoresis

yields additional information as regards the polypeptide
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composition of the proteins associated with the purified
PS I particles obtained by batch AUT treatment followed by
column electrophoresis.

Because of its role as a denaturing

and disaggregating agent SDS provides the molecular weight
of the monomer of the subunit proteins.

In SDS-acrylamide

gel electrophoresis the mobility of the proteins is related
to their molecular weights.

The molecular weights are ob

tained by comparing the mobility of the unknown proteins
with that of standard proteins from a calibration curve
(Pigs. 16,17).
In order to understand the action of the detergent
Triton X-100 on the chloroplast and the effect of subse
quent electrophoresis, a comparative study is made of the
polypeptide composition of whole chloroplast, sonicated
chloroplast, AUT treated electrophoresed as well as
non-electrophoresed chloroplast.
Intense protein bands are observed in the case of the
whole chloroplast.

Figure 10 shows the peaks corresponding

to the protein bands as revealed by the gel scanner.

Dis

tinct protein bands are seen at 10.7, 12, 13.5, 18, 22.5,
27, 32, 38, 41.5, 51.7, 56, 64 and 79 kilodaltons.
vious work?^

Pre

has reported bands at 1 0 , 1 2 , 15, 2 3 , 33 , 41,

49, 57, 60 and 64 kilodaltons.

The appearance of the

additional bands at 13.5, 18, 27, 38 , 51.7, 56 and 79 is
very prominent.

We have not observed any band at 49 kilo-

dalton the closest one being at 51.7.

In contrast to

STANDARD PROTEIN
♦

6

4

3

2

MIGRATION DISTANCE (CM)

STANDARD

PROTEIN

—

5

MIGRATION DISTANCE (CM)
Fig* 16

O

MOLECULAR WEIGHT (KILODALTON)
'

■'

1 ""l ■

Ol
/

i

<JI
i

i

I

i

^
i

<0
i J

o
H<R

o

*

w
H
-<

i

o
<J>

O
00

l _ l

1 I 1

QO
VJ1

Vi

a.
o
c
o
-J

X

o
h
u
<
h
X

6

5

4

3

2

0

— MIGRATION 01 STANCE (CM)

H
«>
-I
<L
O
K
O
_l
X
u

8
&
u

6

5

4

« - MIGRATION

Pig.

3

2

DISTANCE (CM)

18

0-

87

previous work we observe a distinct doublet, e.g., the
peaks at 51.7 and 56 kilodaltons.

The 22.5 kilodalton pro

tein might possibly be the "structural protein."

The

protein bands which are very prominent are the ones at
22.5* 32, 51.7 and 56 kilodaltons.

The lowest band occurs

at 10,7 kilodaltons.
Upon sonication, the sharpness of some of the bands
are lost.

The band at 79 kilodalton disappears, the one at

64 kilodalton becomes sharper.
daltons also remain sharp.

The bands at 51 and 56 kilo

The resolution of the 41.5 and

the 38 kilodalton bands decreases appreciably.
kilodalton band also loses its sharpness.

The 32

In place of the

two sharp peaks at 22.5 and 27 kilodalton, a broad band
seen at 21 with a shoulder at 24.5 kilodalton.

Is

Three more

bands are observed; a moderately sharp one at 17 kilodalton,
a broad one at 14 kilodalton probably a superposition of
the unresolved 12, 13 and 15.6 kilodalton bands and another
one at 10.2 kilodaltons.

The overall polypeptide bands

remain the same as in the case of the intact chloroplast,
although there is a general reduction in the intensity and
resolution of the bands.

One point which is worth mention

Is that the molecular weights of the prominent bands remain
unchanged within the limits of experimental error.
The batch AUT (ljt Triton) treated chloroplast
(non-electrophoresed) reveals (Pig.
features.

19) some interesting

In this the most prominent band is at 26
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kilodaltons together with other less prominent bands at 78 ,
18, 14.2 and 11.9 kilodaltons.

The bands at 32.5 and 21.5

kilodaltons show up as small shoulders.
and 52 kilodaltons are very weak.

The bands at 56

In place of the 41.5 and

38 kilodalton bands a single band is observed at 43
kilodalton.
Upon electrophoresis the AUT (1JE Triton) treated
chloroplast shows three high molecular weight polypeptides
at 84, 87 and 92 kilodalton and a low molecular weight
polypeptide at 8,8 kilodalton.
is very sharp.

The band at 92 kilodalton

The strong band at 26 kilodalton disappears

and shows up as a shoulder at 25.5.

The polypeptides at

56 and 51 kilodalton regain their well resolved structure.
The bands at 11 and 18.2 kilodalton become weak and broad.
A weak band is observed at 61 kilodalton.
Triton X-100 and SDS
During column electrophoresis it was found that all
conditions remaining identical, the SDS and Triton treated
sample moves through the electrophoresis column faster than
the Triton treated sample.

The OD profile of the various

fractions from the column are shown in Pig. 20.

In this

case there is only one strong band near the middle of the
column.

The OD of the various fractions starting from the

bottom end of the column to this strong band remain prac
tically unchanged till the strong band Is reached.

In this
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case also there Is a sharp cutoff In OD Immediately after
the strong band.

When higher concentration samples (Fig.

21) was used a broadening of the strong band was observed
similar to the Triton case.

However, the broadening is

more prominent in the case of the Triton and SDS treated
chloroplast than in the case of the Triton treated sample.
The study of the absorption spectra of the various
fractions show an almost identical trend as in the previous
case.

The similarity in trend is maintained even when

concentrated sample was used for electrophoresis (Figs. 22,
23).
Gel electrophoresis of the detergent treated nonelectrophoresed chloroplast sample revealed bands at 9.8,
10.7, 14, 16.7, 18 .2 , 20.5, 23, 32, 39, **9, 52, 56, and
95 kilodaltons.

Comparison with sonicated chloroplast and

whole chloroplast shows that the new bands that appear are
at 9.8, 18.2, 49 and 95 kilodalton.

The bands which are

well resolved are at 14, 16.7, 18.2, 56 and 95 kilodaltons.
The other bands appear as shoulders (Fig. 24).
The electrophoresed sample upon gel electrophoresis
showed several bands most of which are very weak.
prominent band is at 23 kilodaltons.

The most

Other bands which are

not as prominent but has reasonable intensity are located
at 9.2, 9.9, 12.7, 16.7, 19.2 kilodaltons.
15, 27 appear as small shoulders.

The bands at

The other bands,

e.g.,

the ones at 50.5, 54.5, 66, 69 and 85 are extremely weak.
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LDAO
In the batch AUT treatment LDAO was also used as a
detergent but only by Itself,

The experimental conditions

had to be modified In the sense that the phosphate buffer
was replaced by Tris buffer and Urea could not be used.
These steps were taken to prevent Interaction with the LDAO.
However, during electrophoresis extensive aggregation
occurred and the process had to be discontinued.
The study of the absorption spectra of the various
detergent treated and electrophoresed samples yields
valuable information regarding the action of the deter
gents.

By studying the 645 nm absorption shoulder in the

intact chloroplast and the detergent treated chloroplast it
is found that treatment with detergent leads to a reduction
of the amount of Chi b which is reflected by the decrease
in absorption peak at 645 nm.
Chi b.

The 645 nm is associated with

Upon electrophoresis it is observed that a dominant

Chi b containing fraction remains near the top of the
column whereas the dominant Chi a containing fraction mi
grates towards the anode and collects as a strong band near
the middle of the column.

The Chi b fraction which collects

near the top of the column might arise from a component
which is released during the treatment of chloroplast with
detergent and which is subsequently removed by column elec
trophoresis from the major Chi a containing photoactive
fraction.

This leads to a further purification of PS I

which is predominantly associated with Chi a.
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Gel electrophoresis study by other w o r k e r s ^ has shown
that the enriched PS I fraction contains the following
polypeptides, e.g., 12, 14, 18, 21, 23, 33, 38, 42, 48, and
60 kilodalton, whereas the enriched PS II contains the 20
kilodalton polypeptide as the dominant band.

In the en

riched PS I fraction the dominant bands are in the 50-70
kilodalton region.

Our work reveals no such distinct bands

in two well defined groups.

We observe three regions:

14-20, 50-60 and 80-95 kilodaltons.

The only preparation

which has an unusually strong 26 kilodalton band Is the AUT
fraction and might be similar to the enriched PS II fraction
of Klein, et al.76
An attempt Is made to identify some of the observed
protein bands with proteins that previously have been iso
lated and characterized from chloroplast.

The proteins

that have been reported are RuDP carboxylase (56 and 12
kilodalton), transhydrogenase (45 kilodalton), Cytochrome bg
(42 kilodalton), Cytochrome f (33 kilodalton), ferredoxin
(14 kilodalton) and plastocyanin (10 kilodalton).

The bands

that we have observed are at 5 6 , 41.5, 42, 13.5, 12 and
10.7 kilodaltons.

The agreement is quite encouraging.

The

protein bands which have been observed in the detergent
treated and electrophoresed fractions can also be identi
fied by comparison with the molecular weights noted above.
However, it should be pointed out that it is very misleading
to make such a comparison.

The reason is that SDS-gel
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electrophoresis reduces proteins to their monomeric forms.
Some of the polypeptide bands instead of being due to
individual proteins might originate from the subunits of
some higher molecular weight proteins.
ESR Experiment
Kinetic study at room temperature:

The ESR signal

which was obtained on illumination of the sonicated chloro
plast is shown in Pig. 25.

It has a Gaussian line shape,

peak to peak line width (AH
2.0027.

) of 7.7 Gauss and g factor
PP
Identical signals were obtained from the AUT and

the AUTS samples.

This characteristic signal is designated

as Signal I and Is associated with photosystem I.

Studies

could not be made on the AUT-e and the AUTS-e samples as
the yield was very low.
When the illumination was terminated the signal
completely decayed to the base line.

Though this behavior

was identical for the different samples an investigation
was made into the decay mechanism of Signal I associated
with the PS I enriched samples obtained by the action of
different detergents.
Figures 26,27,28 show the rise and -decay kinetics of
Signal I associated with sonicated chloroplast, AUT treated
and AUTS treated chloroplast, respectively.

The rise of

the signal is almost vertical in the case of the sonicated
chloroplast whereas for the other two fractions there is a
slight slope In the rise curve.

This might be due to the
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different responses of different samples to the illumination.
Because of the purification following treatment with deter
gents the AUT and the AUTS may have less amount of the
light harvesting chlorophyll and as such possess a slow
response to the illumination.

It could not be due to the

response time of the spectrometer because identical ampli
fier response time was used in each case.
A characteristic common to these kinetic curves was
that the rising portion of the kinetic curve reached a
plateau before it started to decay.

The shutter was kept

open for about 5 seconds in each case.

The appearance of

the plateau at the maximum amplitude of the kinetic curve
indicates a light saturation of the photo-induced signal
and an attainment of a steady state beyond which no further
increase of signal amplitude is possible In spite of
continued illumination.
The decay profile of Signal I is quite different for
the three samples.
in the decay.

All of them show an exponential trend

For the sonicated chloroplast the decay

curve showed the presence of a fast component and a slow
component.

For the other two samples the decay curves were

almost identical.
As discussed earlier, Signal I is associated with the
cation radical of P 700,

The decay of signal I represents

the reduction of P 700+ back to P 700.

This conversion may

take place by one mechanism or by several different
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mechanisms.

The presence of several different mechanisms

is reflected in the decay curve by the presence of different
components.

To investigate for the presence of different

components a semilog plot was made of the amplitude of the
decay curve as a function of time.

The point of maximum

amplitude in the kinetic curve was taken as corresponding
to the time t * 0.
For the sonicated chloroplast sample the semilog plot,
Fig. 29, can be represented by a combination of three
straight lines each one of which represents a different
mode of first order decay.
half life (tjyg) of>

The fastest mode has a decay

s ec s »

other two modes have

respective ^2./2 values of 3.** and 11.6 secs.

These com

ponents are denoted by SC I, SC II and SC III.
For the AUT sample the semilog plot, Fig.
the presence of only one component with a
18.2 secs.

value of

This component Is denoted by AUT 1.

AUTS sample the semilog plot, Fig,

30, indicates

For the

31, indicates the pres

ence of two components, a slow component with ^^/2 * 1^*3
secs and a faster component with a

■ 4.8 secs.

The

faster component is denoted by AUTS I and the slower
component by AUTS II.
A comparison of the decay kinetics of the three
samples shows that the fast decay modes SCI and SC II are
present only in the sonicated chloroplast.
of sonicated chloroplast has a

The SC II mode

secs) comparable
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to that of the AUTS I mode of the AUTS sample.
sample this mode Is absent.

For the AUT

The AUT I mode which Is the

only mode present has a

d ® * ® secs) comparable to the

^1/2

II mode.

secs) of the AUTS

The different decay modes which are observed for the
different samples are first order in nature.

The presence

of several decay modes in the decay profile for a particu
lar sample indicates the presence of different decay
processes and the fact that they are all first order leads
to the conclusion that these processes are mutually
competitive.
In view of the different decay behavior of Signal I
for the three samples it would be Interesting to relate the
results to the physiological nature of the various samples.
The decay of Signal I represents the conversion of
P 700+ — ► P 700.
tion of P 700:

There are

three pathways for the reduc

(1) direct return of electron from the

reduced acceptor P 430” to P 700+ ; (2) cyclic electron
transport involving a mediating substance (e.g., TMPD) which
can serve as a donor for P 700+ and as an acceptor for
P ^30~j

(3) non-cyclic flow in which P ^30” donates to

another acceptor and P 700+ is reduced by another donor.
Recent flash photolysis kinetic study made by Warden
and B o l t o n ^ have shown that Signal I associated with all
PS I subchloroplast preparations requires 10-20 secs to
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decay completely to the base line.

This decay Is blphasic

with its faster component having a half life of 20-600 ms
and the slower component having a half life of 3-10 secs.
The faster component is interpreted as reflecting the re
turning of electron from P 430” to P 700+ by pathway (1).
Since the kinetic experiment measured decay half lifes
of the order of 2-20 secs in the case of the sonicated
chloroplast, AUT and AUTS treated chloroplasts the return
of the electron by pathway

(1) can be disregarded.

All the kinetic studies described in this work were
performed without the external addition of any exogenous or
endogenous acceptor or donor.

So the return of the elec

tron from P 430“ to P 700+ by a cyclic pathway can also be
disregarded.

All the kinetic results, therefore, can be

explained on the basis of the third pathway, e.g., the
reduction of P 700+ by another donor, the donor most
probably being a member of the electron transport chain
(ETC).
Though the purification process is supposed to disrupt
completely the ETC, in reality some of the components might
still be present.

Following sonication, the decay kinetics

of Signal I associated with the chloroplast reveal the
presence of three components.

These three components might

represent the reduction of P 700+ resulting from electron
donation by three different components of the ETC.

The

subsequent absence of some of the components from the decay

110

curve may reflect a removal of different components from
the ETC.

The presence of only one component In the AUT

sample may Indicate that the batch treatment involving
Triton X-100 alone causes a better removal of the ETC com
ponents thereby leading to the preparation of a more
purified and simpler phototrap complex.
Some of these observations can also be related to the
polypeptide profile of the various fractions.

Two compo

nents of the ETC which are in the immediate neighborhood
of P 700 are cytochrome f (33 kilodalton) and Plastocyanin
(10 kilodalton).

Referring to previous discussion on the

gel electrophoresis of the various fractions it can be
pointed out that in the sonicated chloroplast the protein
bands corresponding to 10 kilodalton (10.2) and 33 kilodal
ton (31*5) are very prominent.

In the AUT and the AUTS

preparations the 33 kilodalton band is very weak; the 10
kilodalton band is very weak in AUTS and is absent from the
AUT sample.
Though it is difficult to assign a certain decay mode
of Signal I to electron donation by a specific component
of the ETC, at least this conclusion can be drawn that
elimination of more and more components from the ETC by
processes such as sonication, batch AUT treatment deprives
the P 700+ of potential electron donors and as a consequence
slow down the reduction of P 700+ —
the slowing down of Signal I decay.

► P 700 as evident from

Ill
Low Temperature ESR Study
The ESR spectra obtained for the AUT-e and the AUTS-e
samples at 12°K are shown In Pigs. 32-35.

The AUT-e

sample was obtained after extensive dialysis and centrifu
gation of fractions

25-28 (Fig. 13) of the higher O.D.

(160)

column electrophoresis; the AUTS-e sample corresponded to
fractions 25-28 (Fig.21).

The overall features of the

spectra for the two samples are almost Identical except for
the presence of a few additional lines in the AUT-e sample.
For the AUT-e sample a total of eight lines are
observed.

The one at g * 2.00 is due to Signal I as des

cribed before.

The other signals are at apparent g factors

of 2.27, 2.13, 2.07, 2.04, 2.02, 1.97 and 1.92.

It is

difficult to say if the signal at g ■ 2,02 really repre
sents a signal or Is due to noise.
however, are very prominent.

The other signals,

For the AUTS-e sample lines

are observed at 2.27, 2.13, 2.07, 2.00, 1.98 and 1.92.
The g ■ 2.02 and 2.04 lines are absent.
The signals did not show any enhancement upon
illumination.

This is probably due to the fact that the

signals were generated at room temperature upon exposure
to light and were frozen in when the samples were frozen at
liquid nitrogen temperature.

Upon termination of illumina

tion the signals did not show any decay in amplitude
pointing to the fact that the signals are Irreversible at
low temperature.
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Apparent g factors of 2.05, 1.94 and 1.86 were
observed by Malkin and Bearden at 25°K upon Illuminating
spinach subchloroplast particles and were attributed to a
bound form of the iron sulfur protein ferredoxin, which
they claimed was the primary acceptor.

The apparent g

factors and the line shapes that have been observed in
connection with this work are not similar to those reported
3034
by Malkin and Bearden.
The features of the spectra,
however, are more similar to those observed by McIntosh,
46
et_ a l .,
when spinach subchloroplast particles prepared
by Triton treatment were illuminated at 6°K at 647 nm.
Lines were observed at 1.86, 1.89, 1.92, 1.95, 2.00, 2.05
and 2.06 (Pig. 36).

It was shown by Evans, et^ jal.,

that

these lines could be assigned to two different iron sulfur
centers.

They studied the intensities of the ferredoxin

ESR components as a function of redox potential.

Two com

ponents were seen - one with g factors of 2.05, 1.94 and
1.86 and the other with g factors of 2.05, 1.92 and 1,89.
The first component had a redox potential (E

at pH 10.0)

of -563 mV and the second component had a redox potential
of -604 mV.

It was suggested that these two components

were due to two iron sulfur centers in the primary electron
acceptor complex.
Of the signals that have been observed in the AUT-e
and the AUTS-e preparations the g * 1.92 line is similar to
the one shown in Pig. 36.

No signal is seen at g ■ 1.86.

9£ *3 Td

*ri

9001

^TT
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However, It Is possible that the g * 1.86 line Is very
difficult to observe.

With the improvement of resolution

it might be possible to observe this line.

The 1.97 line

can be tentatively identified with the 1.95 signal of
Fig* 36, though the signal shapes are not similar.

The

g ■

2.07 line is similar to the 2.05 line.

The g = 2.13

and

2.27 lines seem to be new and do not have any similar-

ity with the lines observed by McIntosh, et^ al.

1*6

They

observed two lines, one at g * 2.07 and the other at g 1.75 which had decay characteristics identical to that of
Signal I at low temperature.

It was suggested that these

signals might belong to the true primary acceptor.

These

signals were observed at high microwave power (200 m W ) .
The

lines at g « 2.07 which have been observed with AUT-e

and

AUTS-e could be seen at power of 2 mW.

In the absence

of any fast kinetic experiment it is difficult to determine
whether this signal Is identical to the one observed by
McIntosh, et al.**^
Conclusion
In summarizing the results It can be concluded that
the batch AUT treatment followed by column electrophoresis
is a powerful method for the preparation of purified PS I.
PS II fraction which remain after the AUT treatment are
removed during electrophoresis.

The difference between the

Triton and the Triton + SDS treated particles lie in the
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fact that in the former case one gets stronger protein
bands as revealed by gel electrophoresis whereas in the
latter case one gets both higher and lower molecular weight
polypeptides as compared to the former case.

The presence

of clear sharp protein bands in the case of Triton treated
sample can arise from the fact that during column electro
phoresis the strong band which is observed is relatively
narrow as compared to the other case.

This might suggest

that the Triton alone produces a cleaner fraction.
Additional support to this assumption comes from the
results of kinetic study at room temperature.

The presence

of one decay mode in Signal I associated with AUT sample
as compared to two decay modes in the decay of Signal I
associated with AUTS leads to the conclusion that for the
AUT sample there are less members of the ETC chain associ
ated with it.

Removal of more components of the ETC chain

as a result of AUT treatment with Triton alone, also points
to the effectiveness of the detergent Triton when applied
alone,
ESR study at 10°K has revealed a signal with several
components.

Some of the components have apparent g factors

similar to those observed by other workers, whereas some
components have apparent g factors which have not been
observed before.

The AUT-e preparation shows a few extra

lines in comparison to the AUTS-e preparation.

This also
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Indicates that Triton alone may produce a better
fractionation of the chloroplast particles.
Future Experiment
A discussion of the results obtained by applying the
AUT treatment to ch-loroplasts indicates that it is quite an
effective method for the preparation of subchloroplast
particles and comparable to other methods such as treatment
by Digitonin, LDAO, etc.
A criterion for the preparation of a purified PS I is
the enhancement of the Chi a to Chi b ratio.

The ratio

observed for the AUT preparation can possibly be further
enhanced by replacing the sonication procedure by treatment
with another detergent such as digitonin.

The heavier

particles enriched in PS II can be isolated by centrifuga
tion.

The lighter particles can then be subjected to AUT

treatment followed by column electrophoresis.

The process

of electrophoresis removes a large portion of the transi
tion metal elements.

The effectiveness of removal may be

monitored by atomic absorbance spectrometry.

If the tran

sition metal content Is significant the AUT-e samples may
be subjected to a second electrophoresis.

It would be

interesting to see If any acceptor signal can be observed
at room temperature.
Another procedure which can be adopted for purification
is to subject the AUT samples to a column chromatography
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using DEAE cellulose.

If any photoactive band elutes it

can be further purified by column electrophoresis.

In

order to remove Triton from the system the process of
dialysis can be replaced by treatment with Bio Rad SM 2
beads which have been found to be very effective In the
removal of Triton.
All of these procedures can be applied to a bluegreen algae system.

It would be advantageous to apply these

methods to an algae system because it is easier to break up
compared to the green plant system.
The process of gel electrophoresis should be continued
as a monitoring tool for the polypeptide profile.

It can

Indicate whether by applying the new modified procedure a
simpler, smaller phototrap complex can be obtained.
It needs to be verified whether the signal observed at
10°K belongs to the primary acceptor.

This can be done by

comparing the kinetics of Signal I and the different lines
associated with the low temperature signal.

Fast kinetics

can be studied using microsecond laser pulses.

The compo

nents which have similar kinetics can be associated with
the photochemical reaction partner of P 700.

Components

having different kinetics would Indicate origin other than
the primary acceptor.
Another experiment which can be performed is to reduce
the iron sulfur protein with dithionite and look for revers
ibility of Signal I.

Work on some purified preparations

have Indicated that when the iron sulfur centers are
reduced the photo-oxidation of P 700 is completely revers
ible.

This might verify If the role of the primary

acceptor is placed by some component other than the iron
sulfur center.
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PART II
CHAPTER I

Introduction
The role of free radicals as possible carcinogens has
been a subject of considerable interest for a long time.
Free radicals are extremely reactive chemically.

They

react strongly with -SH groups and also with nucleic acids,
thereby initiating chemical changes that result in malig
nant behavior of cells.

Many chemical carcinogens readily

form free radicals, some with unusual stability.

Some

physical carcinogenic processes, especially ionizing radi
ation have free radicals as important intermediates.

After

the discovery of ESR spectroscopy, it was used as an impor
tant tool for the study of carcinogenesis.
Theoretical calculations were carried out by Commoner,
et a l .,

1

Brues and Barron

of free radicals.

2

on the carcinogenic potential

The presence of an unpaired electron In

a molecule represents an unstable state and as a result,
such a molecule will tend to undergo reactions that will
lead to pairing of electrons.

They predicted that such

high reactivity of free radicals may lead to the onset of
carcinogenesis and so carcinogenic tissues would have a
high free radical content,
129
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Starting with these considerations many tumor tissues
have been studied by ESR.

Many of the results are open to

question because of the nature of sample preparation, which
has a considerable effect on the ESR spectrum.

The ideal

method is to study the ESR spectrum as it occurs In living,
functional tissue.
its drawbacks.

But, each method, which is applied has

Wet surviving tissues can be prepared in

the form of thin slices, but the sensitivity of such prep
arations is low.

Because of the low sensitivity spectrum

has to be studied for a long period of time.

During such

prolonged period of observation the tissues rapidly become
anoxic and the spectrum changes drastically.

Use of lyo-

philized preparations lead to even complicated problems.
Lyophilized samples react very rapidly with trace amounts
of oxygen to generate new signals that are larger than and
unrelated to those originally present in the samples.
Changes that are observed in the ESR signal are because of
oxygen dependent artifact and not because of changes in
cellular free radicals.

The best method is the rapid freeze

technique in which the samples are quickly frozen to very
low temperatures.

This method gives considerably greater

sensitivity.
By using unfrozen and quick frozen tissues and cells,
however, a number of pertinent findings have been made.
Several investigators have observed significant differences
between ESR spectra from cancer tissues and corresponding
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normal tissues.

A reduction in the free radical signal at

g - 2.003 was observed in almost all the cases.

There was,

however, considerable variation in the extent of the reduction.

Commoner,

al. ,

using the freeze dry technique

found that the free radical concentration in cancer tissues
is 2/3 that in the corresponding normal tissue.
Commoner and Ternberg

11

Later,

used the surviving tissue technique

and found that neoplastic tissues had relatively low or
wholly undetectable free radical signals.
confirmed these findings.

Mallard and Kent"*

Using the surviving tissue tech

nique they found that the free radical signal was absent
from cancer tissue (with an upper limit of 10)6 of normal
intensity).
When samples were prepared by the rapid freeze tech
nique, free radical signals were observed from cancer
tissues even though the intensity was lower than normal.
Truby and Goldheizer^ found that the free radical content
in rat hepatoma tissue was 1/3 of that in normal rat liver.
7
Brennan, jat a l . , also found a reduction; about 2/3 that
of normal for infiltrated liver and about 1/4 that of normal
for infiltrated spleen.

All these experiments confirmed an

important point, that in the case of cancer the free
□
radical line at g » 2 is less intense.
Burlakova
offered
a theory to explain this reduction.

She suggested that

rate of cell division is regulated by free radicals.

High

concentration inhibits reactions necessary for cell division
and low concentration accelerates the rate.
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Another Important point was apparent from the earlier
experiments.

Experiments carried out by Nebert and M a s o n ^

showed one consistent result that the ESR spectra from
paramagnetic metal ions also differ for cancer tissues.
They studied twenty-nine types of mouse tumors and found
that virtually each tumor type had a different ESR spectrum
in regard to the non-free radical part of the spectrum.
Even for the same histological type of tumor, the spectra
show a variation.

Studies on six different mouse mammary

adenocarcinoma showed that each had a distinctive spectrum.
Comparison of the ESR spectra of microsomes and mitochon
dria of normal liver and hepatomas10 showed that the spectra
from the mitochondria were quite similar, but those from
the microsomes were quite different.

In some cases the

amplitude of the ESR signal relative to normal increased,
in some cases it decreased.

The microwave power used in

these experiments was quite high and so the observed
differences were probably due to paramagnetic transition
elements, especially heme-iron containing compounds.
Tumors, generally have more transition metal ion
signals, including many with no normal tissue counterpart.
q
The experiments of Nebert and MasonJ led to the justifiable
speculation that an early detection of malignancy may lie
in the information provided by these transition metal ion
signals.

However, at that stage no experiments were

performed to verify the speculation.

Later experiments
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performed by Mallard and Kent11 showed the presence of a
strong line at g - 2.016 In a liver carcinoma Induced by a
carcinogen.

Metastases of the liver led to an enhancement

of this signal with the additional appearance of a weaker
line at g ■

These lines were detected neither in nor

mal tissues nor in other tumors examined.

These lines

were attributed to paramagnetic metal ions, probably iron
or molybdenum and were assumed to be arising from these
metals being present in the tumor in a different valency
state, rather than with a different concentration from that
in normal tissues.
An observation of different nature was made by
Vithayathil, et_ al. ,12 who studied the effect of several
different carcinogens, which induce rat hepatoma.

A dis

tinct ESR signal at g ■ 2.035 was observed in addition to
the normal line at g « 2.005.

The g ■ 2.035 line appeared

a little time after the commencement of the diet, grew to
a maximum with an intensity equal to that of the normal and
disappeared again.

In each case, the new line appeared at

a very early stage, when histological changes were minimal
and disappeared well before the onset of the tumor.

The

ESR signal was a first sign of the approaching tumor.
However, it was not proved whether the signal was specific
for the particular strain of tumor studied.

Recent exper-

13-15
iments carried out by Saprin, et^ a l . ,
have shown that
in the case of certain experimental tumohs, there is an

increase in free radical concentration at the early stage.
Again, it is not known whether these results can be
generalized or whether they are highly specific.

However,

these experiments suggest that ESR spectroscopy may be
used as a tool for the study of metabolic differences
between cancer tissues and normal tissues; for the study
of the mechanism of induction of tumor and for early
detection of cancer.

Two groups of workers have studied

the characteristics of the ESR signals from cancerous
tissues as a function of tumor growth.
and co-workers
co-workers

1

23-27

~

5p

Saprin, Emanuel

in Russia and Wallace, Driscoll and

at the Thomas Jefferson University hospital

have studied the progress of tumor growth by observing the
changes in the ESR spectra of various tissues.

The

Russian workers have reported easily observable changes in
the signal with time, which depends on the tissue under
observation.

Noticeable changes in concentration of free

radicals were observed in the blood, spleen, lung, kidney,
brain and liver

of experimental animals with leukemia,

ascites sarcoma and Walker carcinosarcoma.

The number of

free radicals progressively increased above normal at the
early stages of the tumor development.

As the tumor en

larged the radical concentration dropped back to normal and
by the time the tumor reached appreciable size, the radical
content was significantly below the normal level.

More

recent work by Wallace, et^ al?^”2^has confirmed some of the
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Russian results.

They have observed that not only the

amplitude but the g value of the cancerous tissue Is also
different from the non-cancerous tissue.

They have also

shown that the free radical concentration in a tumor is
proportional to the rate of growth of the tumor.

The

results of these experiments are very promising, because
they are consistent with the theory that free radicals are
involved in carcinogenic process and also consistent with
the empirical finding that most tumors have reduced free
radical concentration.

Such findings also suggest that

the early phase of carcinogenesis may involve an increased
metabolic state which might be detected and may, therefore,
serve as the basis for an early diagnostic test for cancer.
The limitations of these methods lie in the fact that all
these studies are made on cancerous tissues which are
available from surgical biopsies.

Surgical biopsies are

standard procedures for histological diagnosis of cancer.
If the ESR study also involves biopsy tissues the very
purpose of ESR being used as a diagnostic tool is lost.
Tissue biopsies are not easily available unless there are
other symptoms to indicate the onset of tumor.

If the ESR

is to be used as a diagnostic tool, then the studies should
be done on more easily accessible specimens such as exfol
iated cells or peripheral blood for screening purposes with
the final clinical decision being based on established
histological changes.

Preliminary reports have Indicated
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that dlagnostically useful ESR changes occur In exfoliated
28
cells In human cervical cancer.
A change In the ESR
spectra of leukocytes of patients with chronic leukemia has
recently been reported to antedate other signs of impending
relapse.

?Q

ESR has been used effectively to monitor the

progress of tumor growth in human beings and the effects
of radiation and chemotherapy by simply recording the blood
ESR spectra.2^-27
In view of all the previous work, the present work was
undertaken to make a systematic ESR study of blood samples
from patients with malignant tumors, infections other than
cancer and also from normal human beings to establish
whether any observable differences exist in the ESR signals
from these three groups which would help to differentiate
one group from the other.

The work would also envisage to

identify the signals as regards their biological origin and
correlate them to the pathological condition of the specimen
under investigation.

CHAPTER II
IRON METABOLISM
Iron, although present In living organisms in only
minute amounts, plays the role of one of the most important
elements taking part in biologic processes necessary for
maintaining li fe.

It does not exist In the free state but

exists as part of several compounds necessary for oxygen
transport and oxidative processes.

It is usually bound to

protein while in transport and also while in storage.

The

iron containing compounds can be broadly divided into two
classes, e.g. the heme iron compounds such as myoglobin,
hemoglobin, cytochrome, etc., and the non-heme iron
compounds such as ferritin, transferrin, etc.
In the heme, the Iron Is in the center of a porphyrin
ring and is bound to the four pyrrole nitrogens by ionic
bonds.

Heme has the shape of a flat disc, with the iron in

the center and its two remaining valences directed at right
angles to the plane of the disc.

In the heme proteins,

one or both of the valences bind the protein by covalent
linkage.
Hemoglobin, the pigment of the red blood cells contain
about 70% of the total body iron.

An atom of ferrous iron

In the center of the prophyrin ring connects the prosthetic
group, heme, with the protein, globin.

A molecule of hemo

globin contains four iron atoms, and has a molecular weight
137
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of 67,000.

When the Iron atom is oxidized from the ferrous

to the ferric state, as in methemoglobin, the molecule
loses its capacity to carry oxygen.
Myoglobin, which is a muscle pigment has a structure
similar to that of hemoglobin.

It has a molecular weight

of 16,500 corresponding to one ferrous porphyrin group per
molecule.

The affinity of myoglobin for oxygen is much

greater than that of hemoglobin.

Cytochromes are heme

enzymes which occur In the mitochondria of cells and provide
a system of electron transfer through the capacity of the
iron atom to undergo reversible oxidation.

Transferrin is

a plasma protein, which selectively binds and transports
iron.

The protein binds two atoms of iron.

the complex dissociates.
90,000.

At acidic pH

It has a molecular weight of

Ferritin is an iron protein complex which occurs

in significant amounts in the liver, spleen and bone marrow
and in lesser amounts in other tissues.

It contains about

25% of the body iron in the form of ferric hydroxide
micelles attached to an apoferritin through an unknown
linkage.
The absorption of iron from food can occur from the
stomach and any portion of the gastrointestinal tract.
Is found to be greatest In the duodenum.

It

Iron exists In

food mainly in the ferric form but is absorbed in the fer
rous state.

Most of the iron enters the blood stream

directly and not by way of lymphatics.

Ferrous iron
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entering the mucosal epithelial cell Is rapidly oxidized
to ferric hydroxide which combines with apoferritin to form
ferritin.

Apoferritin is the acceptor substance necessary

for iron absorption.

Intestinal mucosal cell possesses a

brush border which are probably the sites of Iron absorp
tion.

The apoferritin molecule forms a part of the membrane

of the brush border.

Each molecule has entry pores which

become filled with Iron as the apoferritin changes to fer
ritin.

The ferrous iron which gets oxidized diffuses to

the capillary side of the cell where it Is reduced.

Then

it enters the plasma, gets oxidized again and enters the
plasma pool where it chelates to the plasma protein trans
ferrin.

When large amounts of iron are fed, absorption

takes place while the ferritin complex is being formed.
After this, absorption decreases though there Is a high
concentration In the mucosa.

Thus a mucosal block develops

and it persists till the ferritin is cleared from the cells.
The mucosal cells thus regulate

the absorption or rejec

tion of iron from the gastro-intestinal tract.
The iron in the ferric form, which enters the plasma
pool exhibits limited solubility in aqueous media.

It com

bines with apotransferrin forming transferrin which is the
transport form of iron.

Plasma Iron is not a static pool

but has a turnover rate of approximately ten times per
twenty-four hours.

It leaves plasma only when it is

utilized for hemoglobin synthesis or when It is stored.

It
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Is added to plasma by absorption, by release from destroyed
hemoglobin or by mobilization from ferritin and hemosiderin
In storage sites.
Transferrin reacts directly with reticulocytes to
provide the iron necessary for hemoglobin biosynthesis and
also provides the iron to other tissues for all essential
iron compounds.

Various theories have been proposed to

explain the mechanism of release of iron from transferrin.
The one which is most attractive assumes that, by a reduc
tive mechanism ferric iron is converted to ferrous iron and
is thus released from transferrin.

The other mechanisms

which have been put forward include;

the release of trans

ferrin iron caused by local acidification since low pH
dissociates the complex; the elimination of bicarbonate ion
which is involved in the formation of the transferrin; the
degradation of the protein part of the molecule.

Whatever

the mechanism might be, probably iron is released as ferrous
iron or undergoes an appropriate reduction before being
incorporated for hemoglobin synthesis.
Normally about 30JE of the transferrin is saturated
with iron.

The extent to which transferrin can bind fur

ther iron is known as the unsaturated iron binding capacity
(UIBC), while the total amount of iron that can be taken up
by transferrin is called the total iron binding capacity
(TIBC).

Various conditions can affect the level of trans

ferrin.

The amount of circulating transferrin increases in

m

iron deficiency, pregnancy and decreases in infection,
malignancy, etc.

The mechanism by which variations in

transferrin level occur is not very clear.
The iron which is released from the transferrin inside
the reticulocytes provides the ferrous iron for the bio
synthesis of hemoglobin.

The hemoglobin molecule is

extremely stable and probably survives the lifetime of the
red cell.

When the cell dies, the iron in the hemoglobin

becomes susceptible to oxidation resulting in the formation
of methemoglobin which is no longer functional in oxygen
transport.

Surrounded by the dying cell the hemoglobin

molecule is captured by the spleen; the globin portion is
converted to its constituent amino acids, the protoporphyrin
is converted to the bile pigments, and the iron emerges
probably as ferrous iron to be reutilized for the synthesis
of new iron containing compounds.

The iron can be stored

as ferritin or transported in conjunction with transferrin.
The iron in transport, which is not utilized for hemoglobin
production is used for storage purpose and is stored mainly
in the liver, bone marrow and spleen.

From this discussion

it can be seen that at every known step of iron metabolism
including storage, transport, biosynthesis and degradation
the ferrous to ferric cycle and vice versa plays a very
important role.

For mobilization and incorporation into

hemoglobin iron must go through the ferrous state and for
storage as ferritin or for transport as transferrin iron
must be converted into the ferric form.

CHAPTER III
EXPERIMENTAL METHOD
The experiment involving the ESR study of blood
consisted of two parts, e.g.,
a) the study of blood samples from human beings, and
b) the study of blood samples from animals in which
tumors were propagated.
Sample Collection
For the first study, blood specimens were voluntarily
donated by seventy-six persons.

These volunteers included

16 normal adults, 37 patients with malignant tumors and 23
patients with non-mallgnant inflammatory diseases.

In all

cases 2 ml of blood was withdrawn by veinous puncture and
transferred directly into a quartz ESR sample tube.

It was

Immediately frozen in liquid nitrogen and stored in a
liquid nitrogen dewar throughout the period of collection
and tests.

Retention time between withdrawal and running

the ESR spectra varied from several hours to several weeks
with no apparent degradation of the specimen.
ESR Setup
The ESR study was performed on a Varian E-3 ESR
spectrometer at 91°K with an amplifier gain of 2 x 10^,
modulation width of 12.5 Gauss, field centered at 2550
Gauss with a scan range of±2500 and microwave power of 5
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1*3
milliwatts.

The

sample was maintained at the low

temperature by means of cold nitrogen gas stream flowing
through a dewar insert in the cavity.
monitored by a thermocouple.

The temperature was

The standard Varian Weak

Pitch sample was used for calibration.

No power saturation

effects were observed.
Preliminary Findings
The ESR spectra revealed the presence of 3 lines with
g factors equal to 5.6, *4.2 and 2.3.
g * 2.3 lines were very prominent.
compounds with g —

The g - *4.2 and
As there are various

2 we concentrated our attention on the

g * *4.2 line.
Of the seventy-six samples the first fourteen were
checked against the known medical diagnosis of the patient
after acquiring the ESR spectra and differences in the
g * *4.2 line were noted between the blood samples from can
cer and non-cancer patients.
run as unknowns.

The subsequent 62 samples were

After obtaining the ESR spectra identifi

cation was predicted and then compared with the medical
diagnosis.

Forty-eight (16%) of the predictions were

correct, including 23 (85%) of 27 samples of blood from
cancer patients, and 9 (*47-5%) of 19 samples of blood from
patients with inflammatory diseases and 16 (100%) of 16
samples of blood from normal volunteers.

Fourteen (2*1%) of

the predictions were incorrect, 10 (52.5%) of "false posi
tives" from inflammatory disease patients and *l (J5%) "false
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negatives" are from blood from cancer patients.
■an
The above initial identification
was made visually
on the basis of the amplitudes of the high field peak of
the curve and the apparent high field broadening.

Separa

tion of cancer and non-cancer spectra was founded on the
weak broadened asymmetric spectra at g ■ 4.2 being attri
buted to blood from cancer patients and relatively strong,
well defined resonances characterizing blood from
non-cancer patients.
From 33 of the cleanest spectra (those without any
sample tube spectra) an analysis of the peak to peak ampli
tude of the g * 4.2 line revealed a strong trend of
differences.

Figure 1 shows that the mean amplitudes are

Ql25 for normals, 0,15 for patients with inflammatory
diseases and 0.10 for samples obtained from cancer patients.
The amplitude was actually the amplitude of the g * 4.2
signal relative to the Varian Weak Pitch signal amplitude.
The errors involved in making the predictions could
have been due to various reasons.

The pathological impli

cations of tumors vary widely from one strain of tumor to
the other.

Since the patients under study had different

strains of tumor, one possible source of error was because
of this possible wide variation.

Similar error could have

been introduced in the studies on patients with inflamma
tory diseases.

No information was available on the medica

tion each patient was receiving and, therefore, nothing was

RATIO OF SIGNAL AMPLITUDE TO WEAK PITCH
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known about the effect of various drugs.

Lastly the most

serious source of error Involved In such an experiment was
that no two patients were at the identical stage In the
course of progress of a certain disease.

In the case of

cancer a clinical diagnosis is possible when the disease is
at a relatively advanced stage.

Different types of cancer

are diagnosible at different stages of progress of the
disease, which changes the pathological conditions drasti
cally.

Thus, any discrepancy between the experimental

findings and the actual diagnosis as we observed in our
experiment with the human beings could be easily ascribable
to the unknown effects of so many unknown parameters.
Control Experiment
To minimize the effects of so many parameters a more
controlled experiment was performed on animals.

A strain

of tumor which could be propagated in rats were Implanted
in four rats.

Four rats did not receive any implantation

and served as "normal" controls.

Blood was drawn from the

tail of the rats at different intervals till the diseased
rats were near death.

The blood drawing schedule was as

follows:
Days after implantation blood drawn from diseased
rat
1
3
7
10

1st
2nd
3rd
4th

control
rat
1st
2nd
3x*d
4th

On the tenth day after implantation the diseased rats were
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almost close to death.

Blood could not be drawn from the

same animal twice because of the extremely small volume of
blood present In the animal.
ately in liquid nitrogen.

The blood was frozen immedi

The ESR study was made under

exactly the same conditions as before except for the field
setting and the scan range.

The field was centered at

1250 Gauss and the sweep range was 1000 Gauss.

This change

was made so that the g ~ 4 region could be investigated
more thoroughly.

Unfortunately the third and the fourth

control samples could not be studied as the sample tubes
had cracked during storage.

However, the differences be

tween the six spectra are notable.
2-7.

They are shown in Figs.

A strong line is seen at g * 4.2 and a weaker line

at g m 5 .6 .
Computer Analysis
To determine if there were other weaker signals in
addition to these two major signals a numerical integration
procedure was adopted.

Before performing the integration,

the true signal had to be extracted from the background.
A hand drawn background could have been used, but this
method was avoided as it depended mainly on eye estimation.
From visual examination of the ESR spectra it was apparent
that the actual ESR signals were superimposed on a slowly
varying broad background signal.

To extract the background

- first, the entire ESR spectrum was digitized using an
electronic digitizer (at the LSU Coastal Studies Department).
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Next the numerical data was smoothed over several points
which suppressed the signal but left the background almost
unchanged.

The smoothed curve was fitted to a function

F * L 1 + C where L* is the derivative of a Lorentzian and C
takes care of the zero offset.

This simulated background

was then subtracted from the recorded ESR spectrum to get
the actual ESR spectrum.

(Fig.

8).

This spectrum was next

integrated numerically to get the ESR absorption curve.
During integration it was arranged such that the integrated
curve never became negative.

No attempt was made to make

the curve start at zero and end at zero.

It was assumed

that whatever the shape of the integrated curve might be it
could always be fitted to a superposition of several Lorent
zian or Gaussian absorption curves with different amplitude,
peak position and line width.
A computer program (LGFIT) obtained from the Computer
Program Library of Queen's University, Belfast, was used
for the purpose of curve fitting.

The total number of lines

were specified and their respective amplitude, peak position
and line width were supplied as starting parameters.

The

program kept on changing the values of the parameters till
the best fit with the experimental data was obtained.

It

was found that a superposition of several Gaussians gave a
better fit than a superposition of several Lorentzians.
was found that for the cancerous samples a combination of
seven Gaussians gave the best fit, whereas for the normal

It
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samples a combination of six Gaussians gave the best fit.
The peak position, the line width, amplitude, intensity and
g factors for the various lines corresponding to the
different samples are noted in Table I.

The integrated

spectra and the computer fit for the six samples are shown
(Figs. 9-14).

Table I
C 1

C 2

C 3

C 4

N 1

N 2

492.3
24.4
23*.4
h
0 .61x10
13.1

497.8
23.6
434 .3
(0 .11x10
13.0

409.8
30.1
258.8
.
0 .83x10
15.8

469.1
13.7
223.5
,
0.33x10
13.8

429.7
18.1
326.6
.
0 .63x10
15.1

771.2
11.0
101.8
k
0 .12x10
8.4

715.6
21.6
306.3
h
0 .70x10
9.1

773.3
6.8
140.7
u
0 .10x10
8.4

906.1
11.6
598.8
h
0.74x10
6.8

1138.2
140.0
220.4
0 .33x10
5.7

711.6
16.6
219.8
k
0.39x10
9.1
1140.4
58.7
182.1
0 .11x10
5.7

1147.2
125.9
264.3
s
0 .35x10
5.6

1136.2
75.1
201.5
c
0 ,16x10
5.7

1165.2
51.3
256.6
_
0.14x10
5.6

1136.4
49.5
209.3
O.llxlO5
5.7

1349.9
41.8
160.6
h
0.71x10
4.8

1695.4
31.9
78.9
u
0.26x10
3.8

1539.9
338.8
127.8
0.46x10
4.2

1240.8
5.8
285.8
.
0 .17x10
5.2

1545.5
275.2
146.7
|0 .43x10^
4.2

1545.1
461.2
143.0
0 .70xl03
4.2

1576.6
407.6
446.4
,
0 .19x10°
4.1

1545.8
212.8
135.3
5
0 .31x10
4.2

1542.2
345.0
128.3
,
0.47x10
4.2

1547.1
370.0
139.1
5
0 .55x10
4.2

*131.5?
5«.8*
353-3
cd
0 .21x10
1 5.0®
742.2
41.4
295.1
s
0 .13x10
8.7

b
peak position In gauss; absorption signal amplitude; cline width at half maximum;
intensity of line; evalue of g factor.
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Table I (continued)
C 1

C 2

C 3

C 4

N 1

N 2

1629.5
177.7
587.**
R
l.lxlO5
3.9

1620.5
161.8
571.0
O.gSxlO5
4.0

1576.2
124.7
357.7
R
0.47x10
3*3

1590.2
144.5
545.5
,
0.84x10
4.1

1559.1
253.0
369.1
*
0.99xl05
4.1

1574.8
238.1
480.7
.
1.2x10
4.1

2497.1
344.7
10*10.3
c
0.38x10
2.6

2770.3
468.7
972.7
r
0.49x10
2.3

2851.6
338.6
8i9.3
,
0.29x10
2.3

2603.1
254.6
1232.1
.
0.33x10°
2.5

2824.3
320.2
1227.7
r
0.41x10°
2.3

2837.4
450.6
1142.7
0.55x10
2.3
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CHAPTER IV
RESULTS AND DISCUSSION
The results noted in Table I lead to some interesting
observations.
tra.

First, let us consider the two normal spec

The absorption spectra In both the cases can be

represented as a superposition of six Gausslans.

The g

factors for the four lines are almost Identical for the two
samples, e.g., 2.3, **.1, **.2 and 5-6 or 5-7.

An investiga

tion into the origin of the lines would be informative.
The line at g « 2.3 corresponds to a magnetic field of
2800 Gauss, which was beyond the range of our field scan.
This signal is probably due to the copper containing protein ceruloplasmin.

31
IngramJ got g factors of 2.209 and

2.056 for this compound.

This copper containing protein

serves the role of a molecular link between copper and Iron
metabolism in the body.32

The line at g * 4.2 can be

attributed to the plasma protein transferrin.
has been studied extensively.

This protein

The works done by Aasa, at

a l .,33 have shown that the ESR spectrum consists of an
absorption around g * 4.2 and a much weaker absorption near
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g - 9.

The spin Hamiltonian used to describe such a

system is of the form described in Eq.
fine interaction term omitted.

(30) with the hyper-

The ESR spectrum is

obtained if the Zeeman term is small compared to the zero
field splitting term, i.e., g{JH < E,D and X = E/D
(0.2-0.33)-

Then the middle Kramer's doublet gives lines

at g ~ 4 while the other two Kramer's doublets give lines
at g — 9 and also lines which are difficult to observe at
g < 2.
For the normal samples lines are seen with g factors
in the neighborhood of 4, e.g., at g * 4.1 and g ~ 4.2.

As

discussed earlier there are two iron binding sites in the
plasma protein transferrin.

It has been suggested that the

two iron binding sites in human transferrin give rise to
distinctly different ESR spectra.

One binding site yields

narrow line around g =* 4 while the other produces broad
line around g — 4.

This is what we observe in the case of

the g ■ 4.1 and g - 4.2 lines.

The line at g * 4.1 is much

broader than the g ■ 4.2 line.

In one of the normal

samples a line is observed at g = 8.4 which is in the
neighborhood of the predicted g ■ 9 line and thus could be
attributed to transferrin.

The g ■ 6.8 line observed in

the other normal is difficult to assign to any known com
pound.

The origin of the signals at g ■ 13-8 and g ■ 15-1

are also difficult to ascertain.

Some cobalt compounds are

known to give rise to ESR signals with g factor as high as
12.
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The signal at g - 5-6 Is due to Fe^+ associated with
methemoglobin.

A signal around this value has been ob34
served by Ingram and Bennett
in different hemoglobin

3+
derivatives, in which the Fe ion is considered to be F e J
which according to Hund's rule should have a ^ 5/2 6round
state.

For a free ion the g factor would be 2 .

results of Ingram and Bennett
strongly perturbed.

34

The

show that the Fe ion is

Later work by Bennett, et a l . ,35 on

single crystals of hemoglobin derivatives has shown that
the g factor varies from 2 to 6 according to orientation
of the sample in the magnetic field.

The g factor was

found to have axial symmetry with g (|

* 2 and g^ * 6 .

The

results can be Interpreted on the basis of a strong crys
talline field splitting
of the ^s5/2 states.

20 to 30""1cm, of the spin levels

In the spin Hamiltonian D >> hv and

only transitions between the

j± l/2/> states are observed.

For H|| Z this can be treated in terms of a spin Hamiltonian
with a fictitious spin s ■ 1/2.
g^

we get 6 .

This leads to g (l ■ 2.

For

The reference Z axis is chosen along the

symmetry axis perpendicular to the heme plane.
As we study the samples from the tumor bearing rats we
find that in the first sample in addition to the g ■ 3.9
and g * 4.2 lines there is anoth«* line at g * 4.8.

In the

second and the third sample this line is absent whereas two
new lines appear at g ■ 3.8 (second sample) and at g * 3.3
(third sample).

In the fourth sample these two lines are
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absent but there is a new line at g ■ 5.2.

It Is very

difficult to determine the origins of these lines except for
the fact that those around the vicinity of g = 4 may be
tentatively assigned to transferrin.

In the low field side

the four samples yield lines at g = 15.0, 1 3 -1 , 13-0 and
15.8, respectively, and also at g = 8.7, 9.1, 8. *4, and 9.1,
respectively.

The second group of lines is probably due to

transferrin as discussed earlier.
group of lines is not known.

The origin of the first

All the samples show the

presence of a signal around g = 5.6 which is due to
methemoglobin.
If we foci© our attention on the two major lines at
g * 4.2 and g ■ 5.6 it can be seen that it is very difficult
to differentiate the normal samples from the cancer samples
just on the basis of the g factors which hardly shows any
variation.

It would be interesting to compare the

ampli

tudes and the line widths of these two lines for the
different samples.

For the first sample the amplitude of

the g ■ 5-7 line is about three times that of the normal.
In the second sample the amplitude becomes equal to that of
the normal approximately.

The third sample shows an ampli

tude almost equal to that of the first one.

Prior to

death the amplitude drops again and attains a value about
half that of the first one.

For the line width it Is

difficult to make a definite observation, as the two normal
themselves show a wide variation.

For the g » 4.2 line it
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Is interesting to observe that the line width shows very
little variation from sample to sample, cancer and normal
included.
pronounced.

The variation in amplitude, however, is very
For the tumor samples, the starting amplitude

is lower than that of the normal.
amplitude

In the second sample the

attains a value greater than that of the normal.

In the third sample the amplitude drops again and prior to
death the amplitude drops to a value much less than that
of the normal.
To translate all these observations to changes in the
iron metabolism we need to look at another parameter, the
intensity of these lines.

The intensity of these lines is

a measure of the concentration of the paramagnetic entity,
in this case Fe

iron, which gives rise to the ESR lines.

Since the experimental conditions were Identical for all
the samples the intensity of the g ■ 4.2 and the g *= 5.6
line would give an Idea of the concentration of ferric
iron associated with transferrin and methemoglobin.
The Intensity of these two signals for the various
samples are noted in the table.

One day after implantation

the transferrin iron level of the diseased rate is almost
equal to that of the normal, the methemoglobin iron is
about two times that of the normal.

Three days after Im

plantation the methemoglobin iron drops to the level of the
normal whereas the transferrin Iron Increases considerably.
One week after the Implantation the two iron levels attain
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almost the same level as the first tumor sample.

Prior to

death, the transferrin iron level falfe to a level lower than
that of the normal.

The important point worth noting is

that the total intensity of the g ■ 4.2 and the g « 5.6
lines remain almost constant for both the tumor samples and
the normal samples except for the tumor samples prior to
death.

This shows that the total amount of iron associated

with transferrin and methemoglobin stays nearly constant,
any increase or decrease in the level of one is compensated
by a corresponding decrease or increase in the level of the
other.

The total amount of iron for the diseased rats,

however, was higher than that for the normal rats.

The

excess amount might reflect the higher need for iron of the
malignant cells for their metabolic activity.
We can summarize these observations by noting that
with the implantation of the tumor, the iron level that is
affected first is the one associated with methemoglobin.
We have seen earlier that methemoglobin is derived when the
red cell dies and the ferrous iron is oxidized.

Probably

the first reaction to the implantation is increased red
cell destruction and subsequent increase in methemoglobin
level.

With the progress of the disease the iron level

associated with methemoglobin is depleted and to meet the
increased demand for iron by the growing cells the iron in
transport associated with transferrin gets elevated.

This
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might be due to a response to the bodies defense mechanism*
because we notice that in the next stage both the methemoblogin and the transferrin Iron level come back to the
their levels immediately following the implantation.

When

the defense mechanism fails and death is imminent, the
iron levels associated with transferrin drop to a level
lower than that of the normal.

Iron In storage and that

derived from breakdown of red cells are probably exhausted,
all the iron being used up for the abnormal cell growth
and metabolism.

These changes In the iron level may be

because of the depletion of iron in the iron pool Itself.
Another possibility is that it Is because of a change in
the transferrin level Itself, which might explain the
variation in the transferrin iron level.

It has been ob

served that with malignancy and certain types of infections
there is a reduction in the plasma transferrin level.
Since the iron in the blood has to remain attached to the
transferrin, any reduction in the transferrin level without
any aacompanying reduction in the plasma Iron level might
lead to iron toxicity.

So, when the plasma transferrin

level drops, in order to prevent exceeding the iron satura
tion level of transferrin and subsequent toxicity, the
amount of iron In transport itself is reduced.

The vari

ation in the methemoglobin Iron level may be explained on
the ground that with most malignancy there Is accompanied
anemia.

Since methemoglobin is derived from the decay of
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red cells, any reduction In the number of red cells
accompanying anemia would lead to lower methemoglobin iron
level.
Future Experiment
A study of the results obtained from propagation of
tumor in rats opens up the possibility for further work in
this area.

One drawback of the experiment on rats is that

there is not enough statistics to arrive at a firm
conclusion.
Future experiment should definitely take account of
this fact.

It would be advantageous to perform similar

study on bigger animals with significantly higher total
blood volume.

Collection of specimen from the animals

should be done on a day-to-day basis and also from the same
animal.

In this way the progress of tumor can be monitored

more closely.
To check out the hypothesis that the variation in the
ESR signal intensity at g * k.2 and g * 5*6 may represent
a variation of the iron level associated with transferrin
and methemoglobin, respectively, it would be helpful if a
clinical estimation of the iron level can be obtained.

If

the transferrin and the methemoglobin can be isolated, the
ESR signals from these individual components can be studied
thoroughly without the perturbation from other components.
This would Involve a fractionation of the blood into
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different components.

The time element involved In such a

fractionation is of paramount importance.

Excessive time

may destroy the ESR signals associated with these compo
nents or may introduce severe artifacts.
ation technique would resolve this.

A quick fraction

A measurement of the

blood transferrin level would also be Interesting to find
out if the variation of the iron level in transport arises
because of the variation in the transferrin level.
The effect of anticancer drugs on iron metabolism can
also be studied by monitoring the intensity of the various
ESR signals.

It can be ascertained which Iron bearing

component is affected and how It is affected.
The existence of some of the weaker signals which are
revealed by the computer study also needs to be verified.
The resolution and intensity of some of the lines might be
improved considerably by studying the samples at tempera
tures in the vicinity of liquid helium temperature.
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APPENDIX I
REACTION RATE CONSTANT
ESR kinetic spectroscopy provides valuable information
regarding the order of various reactions occurring during
the primary photochemical act of photosynthesis.
these reactions are first order reactions.

Most of

A first order

reaction is one which proceeds at a rate exactly propor
tional to the concentration of one reactant.
A —

^1

B

(Al)

If the rate of this reaction is exactly proportional to the
rate of disappearance of A, then the reaction rate at any
time t is given by

-*5F■*i[A]

(A2)

where [A] Is the molar concentration of A and k^ is called
the rate constant which

has the dimension of time- '*'.

Inte

grating one gets
tAc ]

ln rrr ‘ kit
or
fcn [A] » Jtn[AQ ] - k^t

(A4)

where CAq ] is the concentration of A at time t ■ 0 and [A]
is the concentration at time t.
The half time t-jy2 of the reaction is given by the
expression
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tl/2 " 0.693/k1 .
Prom Eq.

(A5)

CA4) it can be seen that a semilog plot of [A]

against t would give a straight line the intercept of which
would give the value of CAq ] and the slope would yield the
value of k ^ ( the rate constant.
determined from E q . (A5).

Knowing k^, ^^./2 can be

APPENDIX II
DETERMINATION OP CHLOROPHYLL
Chlorophyll a and Chlorophyll b have different
absorption spectra in vivo as well as in solution.

These

chlorophylls can be extracted from chloroplasts with 80%
aqueous acetone and the chlorophyll content of optically
clear filtrates can be determined spectrophotometrically.
J

Pigments such as carotenoids and xanthophylls are also
extracted from chloroplasts by 80% acetone but these pig
ments do not absorb light in the red region of the spectrum.
The extinction coefficient of Chi a and Chi b has been
determined by Mckinney.

The factor used to convert

absorbance to total chlorophyll has been calculated from
these extinction coefficients and from the known ratio of
Chi a to Chi b in chloroplasts.

The formula for determin*
ing the Chi a and Chi b concentration are as follows.
Ca » (0.0127

- 0.00269 *5145) x Dilution factor
(A6)

Cfa - (0.0229 A gi(5 - 0.00468 A6 6 3 ) X Dilution factor
(A7)
where C

a

and C. are the concentration of Chi a and Chi b in
b

mg/ml, and

and A^g^ the absorbances at 645 and 663 nm.

The total Chlorophyll concentration in mg/ml would be the
sum of C„a and C.b .
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The chlorophyll suspension whose chlorophyll
concentration is to be determined Is extracted with 80%
acetone (20 ml of water made to 100 ml with acetone), and
filtered through Whatman

#1 filter paper.

operations are carried out in an ice bath.

All these
Care is taken

to protect the chlorophyll solution in acetone from ambient
light.

The absorbance of the optically clear filtrate is

measured at 645 nm and 663 nm with the help of a Cary 14
spectrophotometer.

Chi a, Chi b and total chlorophyll

content are determined with the help of Eqs.

*

D. I. Arnon, Plant. Physiol. 2^,1 (1949)*

CA6) and (A7).
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